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This study is focused on magneto-fluid-solid interaction analysis of a soft 
magnetorheological elastomer (MRE) controllable flexible micropump.  In addition, material 
characterizations of MRE, modeling, fabrication and testing of a MRE-based vibration absorber 
system are investigated. 
Theoretical modeling and analysis of a controllable flexible magnetically-actuated fluid 
transport system (CFMFTS) is presented.  For the first time, soft magnetorheological elastomer 
(MRE) is proposed as an actuation element in a fluid transport system (micropump).  The 
flexible micropump can propel fluid under a fluctuating magnetic field.  Magnetic-fluid-solid 
interaction analysis is performed to determine deflection in the solid domain and velocity of the 
fluid under a magnetic field.  The effects of key material and geometric system parameters are 
examined on the micropump performance.  Two- and three-dimensional analyses are performed 
to model the asymmetric deflection of the channel under a magnetic field.  It is successfully 
demonstrated that the proposed system can propel the fluid in one direction. 
In addition, a novel semi-active variable stiffness and damping absorber (VSDA) is 
modeled, built and tested.  Magnetically induced mechanical properties of MRE and their 
controllability are investigated by quasi-static and dynamic experiments.  The VSDA is 
modeled, using springs, dashpots and the Bouc-Wen hysteresis element, fabricated and 
implemented in a scaled building to assess performance.  Experiments are performed on a single 
VSDA, integrated system of four VSDAs, and a scaled building supported by four VSDAs.  To 
demonstrate feasibility, a scaled, two-story building is constructed and installed on a shake table 
ii 
 
supported by four prototype VSDAs.  The properties of VSDAs are regulated in real time by 
varying the applied magnetic field through the controller.  A scaled earthquake excitation is 
applied to the system, and the vibration mode is controlled by a Lyapunov-based control 
strategy.  The control system is used to control displacement and acceleration of the floors.  
Results demonstrate that the proposed VSDA significantly reduces acceleration and relative 
displacement of the structure.  
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CHAPTER 1  
INTRODUCTION 
This study is divided into two sections -- a controllable flexible magnetically-activated 
micropump, and a base isolation of structure using magnetorheological elastomer (MRE).  The 
study of magneto-fluid-solid interaction of a flexible controllable transport system employs soft 
MRE membrane (SMREM) as the actuation element. The uniqueness of this study is the 
combined effect of magnetic actuation on a flexible microfluidic system. This work leads to 
fundamental understanding of the propelling fluid with a controllable actuator which is 
activated by a magnetic field.  The result of this work could potentially be helpful in developing 
a system that can be used, for example, for biological fluid delivery, such as, food or drug 
delivery or human lymphatic vessels. 
The second part of this research describes vibration isolation of structure using a unique, 
MRE-based controllable system.  Vibration isolation is vital in structures in preventing and/or 
reducing damage and save lives during natural hazard events. Various active, passive and semi-
active absorbers have been proposed and utilized during past decades but each option has its 




 Controllable Flexible Magnetically –Actuated Fluid Transport System (Micropump) 
Utilizing MRE 
The inspiration of the first part of this research comes from the lymphatic vessels in 
human body. The lymphatic system collects lymph throughout the body and transports the 
lymph back to the blood. The lymphatic system has two types of valves: primary and secondary.  
Interstitial fluid enters the primary valves of lymphatic vessels and secondary valves are one-
way valves that help lymph to move forward, unidirectionally.  The lymphatic vessels pump the 
fluid in a sequence of propagating wave via the one-way valves along the vessels.  There have 
been numerous efforts to examine artificial blood vessels.  Different designs of artificial blood 
vessels using elastomers and live cells are patented [1, 2]. Artificial blood vessels have been 
made over the past 50 years from different passive materials including 
PolyTetraFluoroEthylene and live cells [2], Polyethylene terephthalate and polyester [3] and 
smooth muscle and endothelial cells of blood vessels [4]. Other researchers have made and 
implanted artificial vessels made of collagen and PolyGlycolic Acid [5]. However very few 
investigations have suggested an artificial lymphatic vessel [6]. The complexity of lymphatic 
vessels compared to blood vessels lies in the different fluid transfer system. The blood vessels 
utilize the heart and its one way valves to propel the blood, but lymphatic vessels need to transfer 
body fluid with contraction of the vessel itself and through a series of one way valves inside the 
vessel. Smooth muscle within the wall of the lymphatic vessel generates the contraction needed 
to propel the lymph.  
To understand the mechanism of fluid propulsion and design of such fluid transport 
system, one needs to properly model the behavior of the flexible microchannel.  There has been 
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numerous research on modeling the mechanical behavior of human blood vessels, but modeling 
either the primary or secondary part of the lymphatic system is relatively new, and unique.  Most 
efforts have been conducted in the last decade; however, there are still many challenges to be 
addressed [7].  Lymph is a transparent fluid with properties close to water. The viscosity of 
Lymph has been measured 1.5 to 2.2 cP for dogs [8] or is considered to be the same as water 
[9].  Thus, for the purpose of simulation, water properties can be used as a good approximation.  
A lumped-parametric model and parameter sensitivity analysis are performed for lymphatic 
system [10].  Galie et. al. developed a computational model to predict the velocity and pressure 
of the primary lymphatic valves [11].  Rahbar [9] modeled the lymph flow with a moving wall 
without considering the effect of the wall on the fluid movement known as the fluid solid 
interaction (FSI).  Stresses on walls of a tube can be modeled as static pressures, but, interaction 
between the fluid and the wall can influence the results, and thus, fluid structure interaction 
might be necessary.  However, performing FSI analysis is three to four times more time 
consuming [12]. To accurately study a flexible fluid transport system, FSI study needs to be 
performed.  
FSI is a multiphysics problem which deals with the interaction between structural 
deflection and fluid movement physics.  FSI has been used for interaction between blood and 
blood vessels such as investigation of general blood flow [13, 14], arterial blood flow analysis 
[15, 16], and aorta blood flow analysis [17].  FSI problems are usually too complicated to be 
solved analytically and hence numerical-based strategies are usually employed to find a solution 
[18–22].  Also, because of the complexity of the problem, researchers tried to find more efficient 
numerical solvers [23].  In some FSI problems, movement of solid boundary causes the fluid to 
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move and hence the fluid domain discretization should follow the movement of the 
corresponding solid boundary.  Most numerical methods use the Arbitrary Lagrangian Eulerian 
(ALE) method to take fluid mesh movement into account [24–26].  In FSI models three types 
of elements need to be defined for the fluid domain, interface domain, and structure domain 
[27]. Also, large displacement affects the FSI analysis and strategies were proposed for 
considering the effect of large displacement [28, 29] on FSI analyses. 
Deformation of the solid domain can be due to an external surface or boundary load 
such as mechanical stress, magnetic, or electric induced deformation. Application of a magnetic 
field can cause magnetostriction.  This means that the magnetic field can create deformation (or 
actuation) in the magnetically permeable material.  Barham et. al. [30] presented a solution for 
deformation of pressurized magnetic membrane based on magnetoelasticity. Raikher et. al. [31] 
presented an analytical formulation for deformation instability of magnetic membrane within 
magnetic field and solved the related magnetoelasticity problem numerically. 
There is limited work on magnetically actuated micropumps with potential biomedical 
applications [32–34]. By embedding a permanent magnet inside an elastomeric membrane, an 
electromagnetic powered micropump can be achieved [35–38]. Wang et. al. presented a design 
for an electromagnetically actuated micro-valve pump using magnetic membrane [39]. 
Ferrofluids have been suggested as actuation element of the  micropumps [40–42]. Magnetic 
shape memory alloy is also used for a magnetic micropump [43]. LaRocque et. al. [44] 
suggested a peristaltic actuator using polymer foam infused by MR Fluid. 
Polymers filled with ferrous or magnetic particles have recently received attention as 
actuation elements for microfluidic devices [45]. Polymer filled with iron particles is used as 
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actuation element of a micropump under magnetic field [46]. Recent works by Khaderi et. al. 
[87, 88] investigated the magnetic fluid solid interaction analysis of artificial cilia and showed 
the effect of different geometrical configurations on the generated flow by their proposed 
system. Fahrni et. al. [89] developed the magnetic artificial cilia using polymer and 
experimentally investigated the deformation of the cilium under a fluctuating magnetic field 
induced by a rotating magnet. Hussong et. al. showed the generated flow through such a system 
[90]. Magnetic actuation of artificial cilia was shown by Peng et. al. [91]. 
There have been many investigations on magnetic microvalves, but they usually include 
mechanical and non-flexible components [47]. Prosthetic microvalves have been suggested for 
human circulation systems with non-flexible mechanical components [48]. Passive flexible 
valves prosthetic with stents are also suggested in [49–51]. A heart valve made of only polymers 
with stiffer materials for stent and softer materials for the valve has been suggested [52]. 
 Valveless configurations reduce the complexity of the system as suggested for a 
magnetic micropump by Yamamata et. al. [37]. Valves can be formulated with lumped 
parameter model or finite element models.  Bertram et. al. [53] modeled the valves in lymphatic 
vessels as resistances dependent on transmural pressure.  For FSI numerical simulation, valves 
can be modeled in two-dimensional space, but flexible valves usually have a three-dimensional 
deformation, which requires three-dimensional simulations. Simplified 2D [54] and 3D models 
of aortic valve  were investigated by Hart et. al. [55]. Fluid structure interaction modeling of 
aortic valves has been performed by Marom et. al. [56] to observe stresses in the valve wall and 
associated velocities at different instances. 
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 MRE-based Variable Stiffness and Damping Absorber (VSDA) 
The inspiration for the design of the VSDA comes from traditional lead rubber bearings 
which are widely used for structural applications. Figure 1.1 represents a typical lead-rubber 
bearing which has steel shims that prevents bulging in high axial loads. 
 
Figure 1.1. Section view of traditional lead rubber bearing [57]. 
A VSDA can change stiffness and damping of the system, thus avoiding resonant 
frequencies and improving the system’s response during excitation.  By implementing VSDAs 
along with appropriate control strategy, resonant response can be avoided and system behavior 
can be suppressed.  Semi-active absorbers have been shown to be effective in vibration isolation 
of structures [58, 59]. Most conventional variable stiffness devices are mechanical devices [58, 
60] or hydraulic systems [61–63] and have inherent disadvantages, such as, complex structure, 
slow response and leakage [64]. 
A MRE-based device may provide a solution to these challenges.  MRE-based devices 
can operate in a wide range of frequencies, can tolerate large shear deformations, and have fast 
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response time which makes them desirable for natural hazard applications.  Furthermore, MRE-
based devices do not have complex structures and do not have the leaking or sedimentation 
issues as compared to MR fluid dampers. 
Magnetorheological materials offer controllable mechanical properties by application of 
a magnetic field.  There are different magnetically controllable materials including MR fluid, 
MRE, MR foam and MR gel [65] that show different mechanical or electrical properties under 
an external magnetic field.  MREs are composed of micron sized magnetic permeable particles 
and an elastomeric medium.  MRE is solid, flexible, can operate in wide range of frequencies, 
and tolerate large deformations in tension, compression and shear.  MRE has a fast response 
time (in order of milliseconds) under a magnetic field [66]. 
Stiffness of MREs can be altered by applying a magnetic field for over 100 percent [67].  
Shear modulus in MREs can be found from Eq. (1.1) which relates volume fractions, 
permeability and applied magnetic field to shear modulus [68]: 
 










2                   (1.1) 
 
where 𝜙𝑝 is the volume fraction of particles, 𝜇0 is the permeability of free space, 𝜇𝑚 is the 
permeability of the matrix, 𝜇𝑝 is the permeability of iron particles, 𝑅 is the radius of particles, 
𝑑 is the distance between particles, 𝐻0 is the applied magnetic field, and 𝜀  is the shear strain.  
Application of the magnetic field changes the shear modulus of MREs, and as a result the natural 




∆𝜔 = 𝜔𝑜 (√1 +
∆𝐺
𝐺𝑜
− 1)                                                   (1.2) 
 
where 𝜔𝑜 and 𝐺𝑜 are the off-state natural frequency and off-state shear modulus and ∆𝜔 and 
∆G are the change in natural frequency and shear modulus due to magnetic field. Depending on 
the location of the MRE device i.e. on the top of the structure or beneath the structure, and the 
supported mass, a MRE-based absorber can change the natural frequency of the system. 
Damping in MREs is mainly due to the elastomer matrix, iron particles, matrix interface, 
and magneto-mechanical hysteresis damping [70]. Damping of MREs also changes within 
magnetic field but it is mainly dependent on the type of elastomer matrix, since damping in 
MREs is created by interfacial slipping among particles and the matrix and is higher for larger 
iron particle percentages [71]. Damping ratio of MRE can be written as [71]: 
 
𝐷 = 𝜑𝑚𝐷𝑚 + 𝜇𝑛(𝐹0 + 𝐹𝑚)𝑠                                             (1.3) 
 
where 𝜑𝑚  is the volume percentage of the matrix,  𝐷𝑚 is the damping ratio of the matrix,  𝑛  is 
the number of the particles in the unit volume of MRE, 𝑆 is the interfacial displacement, 𝜇 is 
the friction factor among iron particles and matrix and 𝐹0 and 𝐹𝑚 are interaction forces between 
elastomer matrix and particles with and without magnetic field. 
Controllability of MR elastomer makes them a desirable choice for vibration control and 
actuation.  The controllable properties can be utilized in variable stiffness and damping devices 
such as a prototype for car suspension bushing [66], a conceptual design for vehicle 
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transmission system vibration reduction [72] and adaptive vehicle seat suspension [73]. Other 
researches proposed soft MRE for air flow controllable valve [74] and adjustable springs in 
prosthetic devices [75]. Also, MREs can be used for sensing applications since their capacitance 
and conductance change with an application of a magnetic field [66]. 
MRE has been numerically shown to be effective is vibration isolation of structures [76].  
A semi-active/passive absorber using magneto-rheological elastomer has potential applications 
for base isolation [77]. MRE-based devices have been used as the controllable semi-active 
elements in various vibration isolation applications including base isolation of a structure [78], 
adaptive tuned vibration absorbers [79–81] and dynamic vibration absorbers [82-83]. It has 
been shown that MREs can be used in variable stiffness devices for vibration control [65, 66, 
82, 84, 85]. In structural applications MRE have been used in Adaptive Tuned Vibration 
absorber (ATVA) [80, 83, 86–92] and base Absorber for building structures [93, 94]. ATVAs 
are devices that add to the system as an additional mass and change system’s stiffness and 
damping but base absorbers are located under the building. ATVAs can shift the natural 
frequency of the system by changing the shear modulus of MREs [86].  ATVAs with a real time 
controller can potentially suppress the response of a building compared to passive dynamic 
vibration absorbers [95]. 
Modification of traditional lead rubber bearing with MREs has led to a new controllable 
bearing device [96] and a small-scale MRE-based bearing was studied as base absorber for 
structural applications [97].  To use VSDAs for vibration control, the shear force deformation 
relationship needs to be identified.  Shear force deformation relationship of MREs have been 
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experimentally investigated [98] and models have been proposed to predict behavior of MRE 
devices under various mechanical deformation and applied magnetic fields [99, 100]. 
MREs have recently been proposed and used as base absorber for structural applications 
[78]. Recently Li et. al. [101] presented an absorber using MRE and presented shear force 
characteristics for different applied current and different input load frequency. 
Utilizing MREs without a controller may not be beneficial for all frequency bands, thus, 
a controller can tune their properties based on the input vibration to minimize the transferred 
vibrations. Hence, using controllable base absorbers may result in better performance in terms 
of both acceleration and displacement reduction.  Semi-active control strategies have been 
effective for structural vibration mitigation applications [102] Also, semi-active vibration 
absorbers can potentially outperform passive absorbers with minimum input power, if their 
mechanical properties are tuned with a controller [60]. Recently it has been shown that semi-
active base isolation using magnetorheological damper and ball-cone absorber can achieve 
isolation capabilities for a six story scaled building similar to active absorbers but with less 
power consumption [103]. 
Most semi-active absorbers are intended to mitigate vibrations by changing either 
stiffness or damping or both in the structures.  Semi-active vibration absorbers have been proven 
to be effective and economical in structural control [59].  Moreover, semi-active absorbers are 
superior to passive systems with smaller input power requirements [104, 105] while they can 
be as effective [106] or even outperform active vibration reduction systems [61].  Semi-active 
controllable dampers can simultaneously reduce the acceleration and displacements in a 
structure [107], but reliability issues may limit their application for civil structures [108]. 
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Different control strategies including optimal control [109, 110], maximized energy 
dissipation with on-off control [111], skyhook [110], and Lyapunov based strategies [111–113] 
have been implemented for controlling MRF dampers, but limited studies have been conducted 
on control of MRE based devices.  Different control strategies for structural control have been 
proposed for design purposes [114] and Jansen et. al. [111] compared different control strategies 
and found Lyapunov and clipped optimal control as the most effective strategies for semi-active 
structural control.  In a recent theoretical work, a MRE isolation system has been implemented 
to a scaled structure with a fuzzy logic control strategy [78]. 
This study aims at the feasibility of a novel, fail-safe, VSDA as a base isolation bearing 
system.  The VSDA presented in this work has a novel design.  Due to the integration of MRE 
and passive rubber elements in its design, the proposed VSDA is fail-safe.  That means that if 
electronics and power failure occur, the VSDA retains a minimum functionally of a passive 
rubber steel base absorber.  To validate the capability of MREs and to demonstrate that it can 
be utilized as controllable protective devices, new MRE materials as well as prototypes of MRE 
variable stiffness systems are developed, characterized, and tested. 
 Dissertation Organization 
The first Chapter is the introduction to topics that are covered in this research including 
the CFMFTS and the VSDA.  This Chapter presents a detailed literature review of the state-of-
the-art regarding magnetic and FSI analysis and the relevant proposed applications in this field.  




The second Chapter describes the application of soft magnetorheological elastomer for 
a controllable flexible magnetically-actuated fluid transport system (CFMFTS).  In this Chapter 
the capability of the proposed system for propelling required amount of fluid is inspected. First 
the pressure change of the sinusoidal boundary condition is investigated by the COMSOL finite 
element package and analytical modeling to observe the accuracy of the finite element model.  
Then, the magnetic-fluid-solid interaction (MFSI) behavior of the time varying sinusoidal 
boundary condition is inspected numerically with two-dimensional analyses and effect of each 
system parameter is investigated.  Finally a three-dimensional model of the problem is 
developed, analyzed and discussed. 
The third Chapter presents the procedure of coating particles for MRE. The 
polymerization of the iron particles changes the surface of the particles and hence changes the 
mechanical and endurance properties of the MREs. Such properties under the effect of 
accelerated oxidation have been investigated by means of double lap shear experiments.  
The forth Chapter describes a novel base absorber which employs MR elastomer to 
make the base absorber controllable. The design of the absorber is inspired by the traditional 
lead rubber bearing (LRBs).  First an MRE-based absorber is designed based on optimization 
of the magnetic field passing through MREs to achieve the highest change in the stiffness. 
Quasi-static shear tests have been performed on the VSDAs to prove the ability of the VSDAs 
to change the stiffness and damping. Then, the mechanical behavior is modeled using a 
phenomenological model.  Dynamic tests have been performed to observe the ability of the 
VSDAs to change the stiffness and damping with Swept Sine technique. Then, an integrated 
system is designed with a mass to observe the effect of the VSDAs in changing stiffness of a 
13 
 
system. Using the calculated constants for the model and a SIMULINK model, this behavior is 
modeled accurately. 
The fifth Chapter explains a 1:16 scaled building which is isolated by four VSDAs. 
Scaled seismic inputs are applied to the isolated scaled building and effectiveness of VSDAs to 
mitigate the seismic vibration is investigated. The Lyapunov based control strategy is used to 
control the behavior of the scaled building. The behavior of the isolated scaled building under 
seismic vibration is numerically modeled using SIMULINK. Performance of the system with 
the parameters found from numerical study, is investigated using shake table experiments.  It 
describes the results of controlled isolated scaled building and control procedure. 
The sixth Chapter presents the summary and concluding remarks of this research. It also 




CHAPTER 2  
A CONTROLLABLE FLEXIBLE MAGNETICALLY ACTUATED FLUID 
TRANSPORT SYSTEM 
 Introduction 
This Chapter presents analytical and numerical investigations of a controllable flexible 
magnetically-actuated fluid transport system (CFMFTS). The inspiration of the proposed 
system comes from the vessels and secondary valves of the lymphatic system in human body 
that moves lymph unidirectionally. The proposed system can potentially have other biomedical 
applications, such as, augmentation of the damaged lymphatic vessels either as a replacement 
or as an auxiliary lymph transport vessel. The CFMFTS would be helpful for people with 
lymphatic conditions by substituting larger lymphatic vessels with diameters greater than 500 
microns. CFMFTS may also be used for other biological fluid transport where it is necessary 
not to damage cells and organisms with fast movement and sharp edges of regular pumps.  With 
a smooth peristaltic movement, CFMFTS ensures not to damage the bio-fluids therefore it can 
also be utilized in food and drug delivery systems.  
  The lymphatic system collects lymph throughout the body and transports lymph back 
to blood.  Lymph is a transparent fluid with the viscosity of 1.5 to 2.2 cP for dogs [8] and for 
the simulation, it can be represented by water which has similar fluid properties [9, 11]. The 





Primary valves are where the interstitial fluid enters the lymphatic vessel and secondary 
valves are one-way valves that help lymph to move unidirectionally.  The lymphatic vessels 
move the liquid with a sequence of propagating waves with the aid of the one-way secondary 
valves at intervals along the vessels.  Lymphatic vessels have smooth muscles that have 
contracting and relaxing cycles called Systole and Diastole [115] to move the lymph as shown 
in Figure 2.1. When the Lymphangyon is compressed, a posetive pressure is generated and right 
hand side valve will open to let the lymph move unidirectionally.  When the pressure is released 
and lymphangyon expands, left valve will open to let the lymph enter the lymphangyon.  Such 
a phenomenon is the inspiration of the propoesd electromaechanical smooth fluid transport 
system.  
 
 Relaxing and contracting of the lymphatic vessel [115]. 
To understand the mechanism of the fluid propulsion in the CFMFTS, a numerical 
modeling is needed that can illustrate the performance.  In some cases, the movement of solid 
boundary causes the fluid to move and the fluid finite element mesh should follow the 
movement of the corresponding solid domain.  Arbitrary Lagrangian-Eulerian method can 
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consider the fluid mesh movement [24–26]. In finite element fluid-solid interaction analysis, 
three types of elements are needed for the fluid, interface and structure domain [27].  The large 
displacement affects the fluid-solid interaction analysis and strategies  [28, 29]. The proposed 
CFMFTS consists of soft magnetorheological elastomer membrane (SMREM) as the actuation 
element of the system.  A SMREM is made of a soft highly-elastic matrix with embedded 
micron-sized ferromagnetic particles.  Once a magnetic field is applied to SMREM, it deflects 
within a few milliseconds as shown in Figure 2.2. Such a movement is used in the proposed 
system to generate micro-propulsion.  
 
 Deformation of a SMREM ; left to right: applied  magnetic field H=50,  80 
and 110 kAm-1  [31]. 
An applied magnetic field can produce a significant deformation in soft magnetically 
permeable materials depending on the stiffness of the material.  Different analytical and 
numerical studies have examined the nonlinear behavior of such materials within a magnetic 
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field.  Barham et. al. [30] studied the behavior of a pressurized magnetic membrane based on 
magnetoelasticity.  There is a threshold in the amount of magnetic field required to initiate the 
deformation which was analytically investigated by Raikher et. al. [31]. A few applications have 
been proposed for magnetic induced actuation such as an electromagnetically actuated 
micropump using a magnetic membrane [39]. Angel [116] implemented a magnetic membrane 
in an adjustable mirror, and LaRocque et. al. [44] proposed a magnetic peristaltic actuator using 
a polymer foam infused by a magnetorheological fluid. 
In the proposed system magnetic field deforms the SMREM and a pressure generated 
from this action pushes the fluid forward through a series of one-way valves as illustrated 
schematically in Figure 2.3. An electromagnet is designed to induce a magnetic field that 
actuates the SMREM.  The electromagnet surface will be located at a distance from the 
microchannel to simulate an actual working condition.  The proposed system is reliable, flexible 
and implantable with low-power requirement. The elastomer needs to be highly flexible for this 
system to have the maximum deflection upon applying magnetic field.  The elastic modulus is 
considered 100 kPa in order to minimize the input power required to actuate the SMREM.  The 






 Schematic of the function of the proposed 
SMRS-based one-way valve CFMFTS. 
In this study, performance of the proposed CFMFTS is investigated using a time-
dependent magneto-fluid-structure interaction finite element analysis.  First, the flow of fluids 
through sinusoidal wall is modeled, numerically analyzed, and compared with an analytical 
solution, for a passive case (i.e., zero applied magnetic field) to examine the accuracy of the 
finite element fluid modeling.  Then, the effect of SMREM deflection on the net flow of two 
microchannels with and without valves is considered.  A two-dimensional (2D) time-dependent 
model using a coupled fluid-solid and magnetic interaction is developed.  The modeling and 
analysis are extended to include a magnetic field that is applied to the wall of the flexible 
microchannel in order to produce the one-way forward movement of the fluid.  A parametric 
study has been performed to observe the effect of different electromagnetic and mechanical 
system properties on the performance of the system. A three-dimensional model is developed 




A SMREM is considered to be consisting of a highly-elastic matrix with embedded 
micron-sized ferromagnetic particles.  Once a magnetic field is applied to the SMREM, it 
deflects within a few milliseconds.  Figure 2.4 shows large deformation of a sample SMREM 
under a magnetic field.  Such a movement is utilized to generate a micro-propulsion.   
  
 Large deformation of a SMREM. 
A two-dimensional analytical work is considered to obtain an understanding of the 
behavior of the entire CFMFTS, which consists of one-way flexible valves incorporating 
SMREM, controlled by a magnetic field.  The cross-section of the system is schematically 
demonstrated in Figure 2.5.  The CFMFTS consists of a SMREM, passive rubber, and a series 
of one-way valves.  The valves are flexible, which allow the fluid flow in and out depending on 
the movement of the SMREM wall.  An applied magnetic field on the SMREM produces time-
varying loads on the microchannel, mimicking the contractile activity and regulating flow.  An 
electromagnet located at a distance from the microchannel is designed to induce a strong enough 
magnetic field that can magnetize iron particles and hence actuate the SMREM.  The magnetic 
SMREM 
Permanent magnet 
Gauss meter probe 
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field deforms the top part of the microchannel made of SMREM while the bottom part moves 
less only due to the generated pressure.  Such an asymmetric movement generates a net pressure 
in the space between the two valves and pushes the fluid forward.  The elastic foundation 
modeling represents the surrounding environment, which restricts the movement of the 
microchannel, depending on the magnitude of the spring constant. 
 
 
 The proposed two-dimensional model for the CFMFTS. 
The numerical modeling can predict the flow behavior of fluid throughout the CFMFTS 
in response to an external magnetic field.  The proposed model should consider the fluid, solid 
and magnetic field physics.  The performance of the CFMFTS is evaluated by examining design 
parameters, such as the microchannel and valve geometry, magnetic field density, mechanical 




      
Electromagnet 
 
Inflow               Δp              Outflow 
Applied Magnetic Field 
Flexible valve  
Non-magnetic elastomeric wall Elastic foundation 
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For this study, three modules of fluid, solid, and electromagnetic are needed, if a 
multiphysics finite element package is employed.  COMSOL multiphysics finite element 
package is used to couple the above-mentioned modules.  First a 2D analysis is performed to 
investigate the mechanism of the effect of magnetic field on the SMREM.  Then, a three-
dimensional (3D) finite element analysis of the system with elastic foundation is performed. 
The interaction of pressure and deformation of the SMREM due to an external magnetic field 
determines the flow patterns inside the chamber, movements of valves, and the volume of fluid 
transported.  In order to model the deformation of the SMREM, when subjected to uniform or 
non-uniform magnetic fields, a 3D finite element model is developed based on Maxwell’s, 
Navier-Stokes, and equations of motion of an elastic body to obtain the interaction forces of the 
ferromagnetic particles, as well as, permeability changes with large deformations.   Finally 2D 
and 3D studies are compared. 
 Flow Analysis of a Converging Microchannel 
To verify the flow analysis, a converging microchannel with sinusoidal wall boundary 
condition is analyzed using COMSOL multi-physics software.  Results are compared to an 
analytical solution using the following non-dimensional formulation [117], as shown in Figure 
2.6. 








 Sinusoidal-shaped wall microchannel with elliptical cross section. 
Comparisons between the numerical and analytical non-dimensional pressure gradient 
of a converging microchannel for the input Reynolds number of 100 and the discharging fluid 
to the atmospheric pressure is shown in Figure 2.7. Microchannel’s length is 3mm and the major 
radius is 200µ and a minor radio is 100µ for this analysis.  The numerical results of both the 






 Numerical pressure gradient of sinusoidal-shaped wall microchannel with 
elliptical cross section a=200μm b=100 μm compared with analytical solution [133]. 
Figure 2.8 illustrates the velocity of the sinusoidal-shaped wall and elliptical cross-
section microchannel and Figure 2.9 shows pressure drop for the same geometry and boundary 
conditions.  As can be seen, the velocity and pressure changes are consistent with the Bernoulli’s 
principal.  It is demonstrated that the maximum velocity along with zero pressure occurs slightly 
after the minimum cross section of the microchannel. 




                  
 Velocity distribution of sinusoidal-shaped wall microchannel with 
elliptical cross section a=200 μm b=100 μm. 
                  
 Pressure distribution of sinusoidal-shaped wall microchannel with 
elliptical cross section a=200μm b=100 μm. 
Micro channel length (m) 
Micro channel length (m) 
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 Two-Dimensional Magneto-Fluid-Solid-Interaction (MFSI) Analysis 
The CFMFTS propels the fluid via the controllable magnetic actuation by using the 
induced magnetic force within the solid boundary.  The magnetic field is applied on the 
electromagnet through an external current density. A sphere made of air is modeled for 
encapsulation of the entire system. The electromagnet generates a magnetic field strength 





+ 𝛁 × 𝑯 = 𝑱                                                            (2.2) 
 
where σ is the electrical conductivity, 𝑨 is the magnetic vector potential and 𝑱 is the external 
current density which is calculated from: 
 
𝑱 = 𝜎𝐯 × 𝑩 + 𝑱𝑒                                                           (2.3) 
 
where 𝐽𝑒 is the external current density and 𝐯 is the velocity of conductor. Magnetic field 
density, B is calculated from: 
 
𝑩 = 𝜵 × 𝑨                                                             (2.4) 
 
where 𝐴 is the magnetic vector potential. The constitutive equation is: 
 




where 𝜇0 is the permeability of the free space and 𝐌 is the magnetization vector. Replacing 𝐁 





+ 𝛁 × (𝜇0
−1𝜵 × 𝑨 − 𝑴) − 𝜎𝐯 × (𝜵 × 𝑨)                      (2.6) 
 
Magnetic force is applied using Maxwell stress which is defined as: 
 
𝒏. 𝜎𝑚𝑎𝑥𝑤𝑒𝑙𝑙 = −0.5𝒏(𝑯. 𝑩) + (𝒏. 𝑯)𝑩
𝑇                               (2.7) 
 
where n is the normal vector in the outward direction of the magnetic domain surface. Total 
stress in the solid domain is the result of fluid pressure and magnetic stress as follows: 
𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎𝑚 + 𝜎𝑝                                                      (2.8) 
Magnetic actuation of the SMREM is investigated in this section through numerical modeling 
of the CFMFTS system. Although the effect of magnetic field on the proposed CFMFTS system 
causes a 3D deflection but a simplified 2Dmodel can facilitate understanding of the mechanism.  
A fully coupled solver is used for this study.  Figure 2.10 shows a sample error analysis with 
respect to Newton-Raphson iterations which is 𝑢𝑖+1 −  𝑢𝑖. The average error of this numerical 
analysis is 4 × 10−4. Figure 2.11 shows the discretization of the two-dimensional micropump. 
There are 5,114 domain elements, 588 boundary elements and a total of 19,125 degrees of 




 Sample error of finite elemnt analysis. 
 
 A sample meshing for the 2D finite element analysis. 
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The magnetic flux density distribution generated inside the wall of the micropump is 
shown in Figure 2.12. Figure 2.13 demonstrates the magnetic field in the top wall of the 
micropump. Since the shape of the microchannel is not symmetric with respect to the y axis, 
magnetic field distribution is not completely symmetric and the distribution of the magnetic 
field is not uniform.  With the SMREM microchannel placed 2.5 mm above the top of the 
electromagnet, an average of 0.037 T magnetic field density is generated, which results in the 
deflection of the microchannel. 
  
 
 Distribution of magnetic flux density inside SMREM microchannel. 







To analyze the performance of this system, magnetic, fluid, and structural modules 
along with the Arbitrary Lagrangian-Eulerian module were utilized to combine the effect of 
moving solid boundary on the boundary with the fluid.  The Arbitrary Lagrangian-Eulerian 
moving mesh method is used to simulate the fluid-solid interaction.  To exanime the net flow 
generated by the system, the input velocity is considered zero and the velocity generated due to 
the external magnetic load on the boundary is obtaineded.  Load is applied as a time-dependent 
body force which varies sinusoidally on the top wall of the microchannel for one second.  Spring 
foundation is applied to the top and bottom of microchannel. 
 
 Distribution of magnetic flux density inside SMREM microchannel. 
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Figure 2.14 demonstrates the fluid velocity generated and the solid boundary 
displacement at t=0.25s, which corresponds to the maximum velocity. The modeled 
microchannel has the width of 3 mm, microchannel inner width of 400µ and the wall thickness 
of 100μ.  Large deformation is considered for this analysis.  Since the input velocity is zero, the 
amount of flow that is passing through the outlet depends only on the deformation of the solid 
domain.  As can be seen in Figure Figure 2.15 the maximum flow rate occurs before 0.1s and 
the flow returns to the microchannel as the solid boundary retracts to original position. Figure 
2.16 demonstrates the amount of fluid volume pumped at each time. 
 
  Fluid propulsion with zero input velocity. 




 The rate of outflow for micropump without valve. 
 
  The volume of  transferred fluid vs. time for micropump without valve. 
As the microchannel retracts, the transferred flow returns to the microchannel due to the 
negative pressure.  To prevent the fluid returning to the microchannel, two conical valves are 
implemented which are presented in Figure 2.17.  Adding the valves increases the maximum 




  Fluid propulsion with zero input velocity. 
Figure 2.18 demonstrate the flow rate and Figure 2.19 shows the total volume of fluid 
transported by the microchannel with two valves.  From Figure 2.18 it can be seen that the 
backward flow rate reduces significantly by the adding the valves.  Also,  Figure 2.19 shows 
that adding valves produces a net flow transferred to the right as opposed to Figure 2.16 in 
which all of the transferred flow returns to the micropump as a result of retraction. 








 The rate of outflow at each time for micropump with valve. 
 
 History of the vomule of pumped fluid for microchannel without valve. 
Figure 2.20 demonstrates the deflection of the microchannel and the valve at 0.1 s 
increments. In all figures, left bar is the deflection in Micron and right bar is the velocity in m/s. 
As the mgnetic field increases with a sinosuidal function, deflection in the microchannel 
increases and thus the velocity of the fluid increases up to 0.5 s.  Then, as the channel retracts, 
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the flow velocity decreases.  In the next section, different system parameters are investigated 
numerically to observe their effect on the net flow. 
 
t=0.1 s      t=0.2 s 




 Deflection of the micropump at different times dring a cycle. 
t=0.7 s      t=0.8 s 
t=0.9 s      t=1 s 
t=0.5 s      t=0.6 s 
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 Parametric Two-Dimensional Analysis  
The amount of transported volume of fluid depends on different geometrical and non-
geometrical properties such as material properties of the solid and fluid domain, microchannel 
geometry, valve geometry and applied magnetic field.  Studying system parameters provides an 
understanding of the effect of each parameter on the performance of the system.  To examine 
such effects on the transferred flow, each parameter is individually varied while others are kept 
constant. In Figure 2.21 to Figure 2.29, solid line represents the results of numerical modeling 
while dashed line is the curve fitting.  Curve fitting equation is shown inside the graph. 
First, geometric parameters, such as, the microchannel and valves are numerically 
studied.  It is demonstrated that when the channel diameter increases, the amount of 
encapsulated fluid increases.  In addition, larger SMREM area results in larger magnetic force. 
Therefore, when magnetic field and other parameters are kept constant and channel diameter is 
increased, net transferred flow increases rapidly as illustrated in Figure 2.21. 
Valves geometry and location play a key role in the performance of the proposed system 
especially since the valves are flexible.  Figure 2.22 shows how length of the valves affects the 
net transferred volume of fluid. With larger valve length, the net transferred flow decreases. 
Larger valve length in 2D analysis attributes to an increased outflow friction between fluid and 
valve wall, and thus reduces the net flow.  
Figure 2.23 illustrate that total flow decreases with a parabolic relation with valve 
opening but it reaches a certain value as the opening approaches zero. When the valve opening 




 Effect of micropump diameter on the fluid flow. 
 






 Effect of valve opening distance on the fluid flow. 
Valve spacing also affects the final pumped flow and as valve spacing decreases, the 
flow also decreases with a logarithmic function as shown in Figure 2.24. This is due to larger 
encapsulated fluid between valves when the valves are farther from each other. 
 





Next, mechanical and magnetic properties of the microchannel are studied.  Elastic 
modulus the microchannel, and the spring constant of the elastic foundation affects the 
performance of the system. Figure 2.25 displays that for elastic modulus of 1 MPa or higher the 
microchannel becomes very stiff and cannot deflect enough to propel the fluid. Elastic 
foundation can also affect the results.  A very stiff foundation would not let the deflection of 
microchannel. 
 
 Effect of elastic modulus on flow. 
To observe the effect of elastic foundation on the performance of the system it has been 
varied from zero to that of a rigid base. Figure 2.26 indicates that the rigid foundation reduces 
the deflection of the bottom part in 2D analysis, and therefore, increases the squeezing and the 
performance.  The performance does not change significantly for up to 5 (kN/m.m^2). An 




period occurs from 10 to 800 (kN/m.m^2) where the elastic foundation becomes very stiff that 
the magnetic force cannot deflect the channel and net flow approaches zero. 
 
 Effect of elastic foundation on the fluid flow. 
Fluid viscosity also affects the total amount of fluid pumped by the system which can 
be explained with a polynomial function as shown in Figure 2.27. As the viscosity of the fluid 
increases the amount of transferred volume approaches zero. Also, if the viscosity is very low 
fluid returns to the channel easily and this reduces the net flow.  However, there is an optimum 





 Effect of fluid viscosity on the fluid flow. 
Magnetic force is applied to the microchannel using an electromagnet.   Therefore, 
characteristics of the electromagnet and magnetic properties of the SMREM can also change 
the performance of the system. Figure 2.28 demonstrates the pumped fluid increases with 
applied magnetic field since larger magnetic field is associated with more squeezing of the 
channel. But, net flow reaches a plateau since the amount of encapsulated fluid in the 







 Effect of electromagnetic load on the fluid flow. 
A macro-mechanics model is used for magnetic properties of MRE i.e. bulk properties 
for the MRE is considered with magnetic permeability of µ. Figure 2.29 demonstrates the effect 
of magnetic permeability of the total pumped volume which can be defined with a logarithmic 
load.  SMREM with smaller magnetic permeability will results in less magnetic force and less 
deflection. However it shows after magnetic permeability of 500 the performance does not 





 Effect of magnetic permeability on the fluid flow. 
 Three-Dimensional Analysis 
 Although 2D analysis gives significant insight into the problem, the actual deflection 
of the microchannel is non-symmetrical.  Moreover the effect of elastic foundation and 
magnetic field are different in 3D analysis.  Therefore, the 3D finite element analyses are vital 
to investigate the difference between the 2D and 3D results.  To achieve this goal the magnetic 
fluid solid interaction problem is modeled three dimensionally to consider the effect of non-
symmetrical deflection of the microchannel and magnetic field on the performance of the 
system.  
To perform analysis of the contracting microchannel, electromagnetic module, fluid 
module, structural module and Arbitrary Lagrangian - Eulerian (ALE) module are used.  ALE 






analysis, fluid is considered stagnant at microchannel entrance and on the outlet, the fluid is 
discharged to atmospheric pressure.  The force that is generated by the magnetic field squeezes 
the microchannel.  Figure 2.30 illustrates the amount of magnetic field generated inside MRE 
micropump.  Figure 2.31 demonstrates the average value of the magnetic field inside the wall 
of the micropump, which has an average value of 0.057 T. 
 
 Induced magnetic field in the flexible micropump. 
Magnetic flux density (T) 
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 Magnetic flux density along the wall of the SMREM micropump. 
In one cycle of applying magnetic field, the channel is squeezed to move the fluid.  The 
velocity that is generated in fluid domain is a result of deflection of solid wall.  However, as the 
flexible channel retracts, all of the fluid moves back to the channel.  By designing appropriate 
one-way vales, we can prevent some of the backward movement.  This way, a unidirectional 
flow is generated in the microchannel.  The valve flaps open and close due to the outer wall 
movements. Figure 2.32 shows the 3D design of the CFMFTS with the direction of the magnetic 
field and top section made of SMREM.  The current design of the valves includes four 80-
degree flaps. Figure 2.33 shows the generated mesh with 32,757 domain elements, 5,829 
boundary elements, and 1,163 edge elements. Figure 2.34 shows a sample of error of numerical 





 Three-dimensional model of the CFMFTS. 
    
 Discretization of the CFMFTS. 
Outlet p=0 
Magnetic field direction 
Elastic foundation 







 Sample error for three-dimensional analysis. 
When the magnetic force is applied, the middle section collapses and the positive 
pressure generated in this section opens the right valve and closes the left valve.  At around 




 Velocity and deflection of MR micropump at maximum fluid velocity. 
 Figure 2.36 shows the rate of flow during one cycle. The maximum outflow is reached 
at t=0.32s but the maximum inflow is reached at 0.7s instead of 0.64s. This delay and resistance 
for the reverse flow generates a net flow. Figure 2.37 demonstrates the total volume of fluid 
pumped at each moment which is obtained by integrating velocity over the outlet area.  It is 
shown that using flexible valves generate net flow, since a positive value of pumped fluid is 
generated at the end of the cycle. 




 Rate of the flow during one cycle. 
  
 Total pumped fluid during one cycle. 
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 Parametric Three-Dimensional Analysis 
Similar to two-dimensional analysis, a parametric study is performed on the three 3D 
model of the CFMFTS.  In this model, magnetic field is applied using an electromagnet and the 
magnetic field is induced inside SMREM part of the microchannel.  The magnetic force of 
SMREM compresses the microchannel and pushes the fluid outward.  By comparing two- and 
three-dimensional models, one can decide if the 2D study can accurately, capture performance 
of the system, or a 3D study is necessary.  Different geometrical parameters, mechanical 
properties and magnetic properties are studied using the 3D model.  The volume of transported 
fluid corresponding to each parameter is investigated. In Figure 2.38-Figure 2.46 solid line 
represents the numerical modeling results and dashed line represents the curve fitting.  Curve 
fitting equation is also shown in the figures. 
The microchannel has a 3D deflection, therefore, geometric parameters may show 
different trend in the 3D analysis. Figure 2.38 shows the effect of channel diameter on the net 
generated flow. The net transferred flow increases for larger diameters since larger diameter 





 Effect of micropump diameter on the fluid flow. 
Valves geometry is also varied here similar to the 2D parametric study to examine the 
effect of 3D deflection. As can be seen from Figure 2.39, unlike the 2D analysis, there is an 
optimum value for valve length which is about 400μ.  Smaller valve length makes the structure 
stiffer since the valve cannot open and close, effectively. Also larger valve length increases the 





 Effect of valve length on the fluid flow. 
Next, the effect of valve opening diameter on the net flow is investigated.  If the opening is very 
small, there will be less outflow and backflow; thus reducing the total pumped volume of fluid.  
Also, very large valve opening eliminates the valve functionality.  Figure 2.40 illustrate that 
there is an optimum value for the valve opening which is around 60μ.  Valve spacing also affects 
the final pumped fluid and as valve spacing decreases, the flow also increases for larger distance 
between two valves since there is larger volume of fluid and larger magnetic force between the 





 Effect of valve opening distance on the fluid flow. 
 




Next, mechanical and magnetic properties of the microchannel are studied. Elastic 
modulus and the spring constant of the elastic foundation affect performance of the 
system. Figure 2.42 shows that for elastic modulus of 1 MPa or higher the microchannel 
becomes very stiff and cannot deflect enough to propel fluid.  Also if the channel is very soft 
i.e. E ≤ 0.01 MPa, the net flow reaches its maximum since the fluid inside the channel is limited. 
 
 
 Effect of elastic modulus on flow. 
Elastic foundation is one of the key factors in the performance of the system since a very 
stiff foundation does not allow the deflection of the microchannel.  To examine the effect of 
elastic foundation on the performance of the system, the elastic foundation is varied from zero 
to that of a rigid base. Figure 2.43 indicates that the rigid foundation diminished the performance 
since the bottom of the channel cannot deflect. Also very low spring foundation constants 




deformation.  Therefore, an optimum value for the spring foundation is determined which is 
7 × 106 N/m.m2. This result is also different from 2D analysis since in 2D the z direction of 
fluid and solid domain are not restrained. 
 
 Effect of elastic foundation on the fluid flow. 
Fluid viscosity also affects the total amount of fluid pumped by the system which can 
be explained with a polynomial function as shown in Figure 2.44. For the fluid viscosity of 





 Effect of fluid viscosity on the fluid flow. 
Magnetic force over the top part of the microchannel can be obtained using finite 
element methods by considering a lumped magnetic model. Figure 2.45 demonstrates the 
pumped fluid increases with applied magnetic field, but it reaches a plateau since the amount 
of encapsulated fluid in the microchannel is limited. This result is also consistent with 2D 







 Effect of electromagnetic load on the fluid flow. 
Using the macro-mechanics model for magnetic properties of MRE, magnetic 
permeability µ has been varied. As shown in Figure 2.46, increasing the magnetic permeability 
will increase the net flow; however around the magnetic permeability of 500, the SMREM 





 Effect of magnetic permeability on the fluid flow. 
 Summary and Conclusions 
A flexible magnetically-actuated fluid transport system is presented, modeled and 
numerically analyzed in this Chapter.  The flexible microchannel is made of soft 
magnetorheological elastomer membrane.  A magnetic-solid-fluid coupling model is produced 
and numerically solved using time-dependent nonlinear solver of COMSOL multi-physics finite 
element package. 
First, fluid flow in a converging microchannel is compared with analytical results to 
gain confidence with numerical fluid analysis. Next, 2D analyses are performed and the effect 
of each system parameter is individually investigated.  Results of two-dimensional analysis 






1,600%, elastic foundation, 1,200%, and magnetic load, 500%.  Finally, a three-dimensional 
analyses are performed to consider the effect of non-symmetric deflection on the transferred 
fluid.  Results of the 3D analysis demonstrate that channel diameter, valve spacing, elastic 
modulus of the microchannel and magnetic load and magnetic permeability of the SMREM 
have similar effect for 2D and 3D analyses.  However, valve length and valve opening distance, 





CHAPTER 3   
BEHAVIOR OF MAGNETORHEOLOGICAL ELASTOMERS WITH COATED 
PARTICLES* 
 Introduction 
Magnetorheological elastomer (MRE) is a type of material which is composed of 
magnetic permeable particles dispersed in an elastomeric medium and show variable 
mechanical properties within a magnetic field. To fabricate MRE, magnetic particles are added 
to liquid-state mixture of polymer parts and the resulting mixture is cured either inside or outside 
of an external magnetic field resulting in isotropic or directional (orthotropic) MRE, 
respectively [69, 118]. When particles are aligned within the magnetic field, chain-like 
structures of magnetic particles are formed and locked in place.  Gong et. al. [119] showed that 
isotropic MRE does not have a chain-like structure because it is cured without a magnetic field.  
The advantage of directional MREs is higher stiffness change, if the load is applied in the 
direction of the alignment or perpendicular to it. Magnetization of directional MRE is higher, 
when the magnetic field is applied parallel to the direction of the iron particle chains [120]. 
Also, higher compressive modulus, thermal conductivity and MR effect are observed for 
aligned polyurethane MREs [121] compared to homogenous MREs.  Researchers have found 
that MR effect is more pronounced for softer elastomer matrix and the storage modulus  
 
*This chapter is published in the Journal of Smart Materials and Structures. Behrooz, 
M., Sutrisno, J., Zhang, L., Fuchs, A., & Gordaninejad, F. (2015). Behavior of 




can be increased from 400 times [122] to 800% [67], if the off-state shear modulus is low, i.e. 
in order of kilo Pascal. Davis has theoretically found the optimum particle concentration for 
increasing the shear modulus to be 27% by volume [123]. Using shear tests, it has been shown 
that MR effect increases at higher frequencies [98] and a normal applied compressive load 
causes a reduction in MR effect during shear deformation [124]. 
MRE can show stiffness, damping, and hysteresis change within a magnetic field; 
however, damping change is minimal compared to stiffness change [125].  Such controllable 
properties can be utilized in vibration isolation applications such as variable stiffness elements, 
since MREs have a response time in order of milliseconds [66]. The controllable properties can 
be utilized in variable stiffness and damping devices such as vehicles’ engine mounts [66], 
vibration absorber for vehicle transmission system [72], adaptive vehicle seat suspension [73], 
adaptive tuned vibration absorbers (ATVA) [80, 87], and base Absorber for building structures 
[94].  Other researches proposed soft MRE for air flow controllable valve [74] and adjustable 
springs in springs in prosthetic devices [75].  There is also limited work for modeling MRE 
behavior and it poses its own challenges since MRE shows non-linear viscoelastic behavior 
which is affected by magnetic field and loading frequency.  A model is presented by Shen et. 
al. [126] for predicting the stress strain behavior of MREs within magnetic field as well as 
phenomenological models based on Ramberg-Osgood [99] and Bouc-Wen model [125]. 
In MREs iron particles are embedded in an elastomeric medium and are not exposed to 
air; however, the moisture and oxygen can penetrate with time and alter the properties of 
elastomeric matrix or the bonding between the matrix and the particles.  Also, the hygrothermal 
effects may reduce the strength of the bonds among iron particles and the elastomeric matrix or 
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may affect the elastomeric matrix itself.  It is shown that oxidation can significantly reduce the 
stability of natural rubber based MREs and higher oxidation rates are observed for MREs 
containing larger percentage of iron particles [127]. To prevent the oxidation of iron particles 
and hence increase the durability of the MREs, iron particles can be coated with different 
techniques including RAFT and click chemistry. 
However coating may change mechanical, electrical, and magnetic properties of MREs 
that need to be investigated further.  Coating carbonyl iron particles with Polypyrrole ribbons 
has other advantages such as improving sedimentation properties of MR fluid [128].  Also, 
coating particles of MR fluid with a layer of polysiloxanes can increase the oxidation and 
chemical stability [129]. It is shown that coating with poly methyl methacrylate PMMA can 
increase the shear modulus over 200%, and thus, reduce the relative MR effect [130]; but Lauryl 
Sodium Sulfate (SDS) and Sorbitan Monooleate (Span 80) as a coating layer have reduced the 
base shear modulus and increased the relative MR effect [131].  Compression test results have 
shown that polymerized iron particle MREs have higher oxidation stability [132].  The 
combination of RAFT and click chemistry reactions for surface polymerization of iron particles 
has been studied by Yuan et. al. [133].  Moreover, it is shown that coating particles reduces the 
magnetization saturation point [134].  Although previous studies have investigated the effect of 
particle coating on magnetization of particles and changes in properties of MRF, only a few 
studies have been performed on the effect of coating on mechanical properties on MRE. 
In this research, particles of 50%wt MRE specimens are coated utilizing a combination 
of RAFT and click chemistry methods.  To investigate the effect of coating on the performance 
of MREs, ASTM standard double lap shear specimens are fabricated for pure elastomer, 50%wt 
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coated, and 50%wt non-coated iron particles.  MRE specimens are oxidized using an accelerated 
heat chamber.  Shear experiments are performed to investigate the effect of coating and 
oxidation on MRE specimens.  Results show that oxidation reduces the off-state shear stiffness 
of the MREs and hence increases the relative stiffness changes due to magnetic field. Finally 
coating of iron particles does not significantly change the shear modulus, but protects the MREs 
by reducing the loss of stiffness due to oxidation. 
 Coated and Non-Coated Particle MRE Specimens 
3. 2. 1. Surface coating mechanism of iron particle via click chemistry 
Polymer coating on iron particle surface can enhance both chemical and physical 
performances of MRE.  A RAFT technique is employed to graft the polymers.  Since the surface 
coating materials are non magnetizable, they do not affect the magnetic field while they improve 
the endurance of MRE. It is shown that 20%wt polymer coating on the iron particles surface 
decreases the magnetic saturation about 5% in compared with pristine iron particles [135]. The 
effect of coating on the magnetic saturation of iron particles may be negligible because the 
thickness of coating is in nanometer scale and mass percentage of polymer coating is lower than 
previously reported [135]. RAFT method offers a narrow polydispersity index which means 
polymer has uniform molecular weight [136–142] polymer can be covalently bonded to the 
substrate. 
To coat the iron particles, the substrate should be functionalized using azide, and the 
tandem molecule is functionalized using alkyne group in order to react through click chemistry.  
Copper (II) sulfate is reduced in the presence of sodium ascorbate, which becomes Cu (I), 
64 
 
denoted as [LnCu]+.  In click chemistry, the ligand (Ln) can be the solvent, such as acetonitrile, 
and water [139].  The reduced copper/ligand reacts with alkyne group and this is followed by 
interaction with nitrogen from azide group. Finally, the reaction between the alkyne and azide 
functional groups yields a ring closed triazole group. 
In this process, 0.5 grams of azide modified iron particles was added into a glass vial 
and followed by adding poly(tetrafluoropropyl methacrylate, MW 200.13 g/mol [143]) (0.5 
grams) CuSO4 (6.65 mg), sodium ascorbate (241 mg) and DMF (2 mL).  The mixture was 
sonicated for 5 minutes and continuously stirred in oil bath at 70°C for 18 hours.  The 
conjugated poly(tetrafluoropropyl methacrylate)/iron particles were filtered, and washed using 
DMF several times with toluene consecutively. Then, the poly(tetrafluoropropyl methacrylate) 
coated iron particles were dried in a vacuum oven at 50oC for 24 hours.  
Initially, iron particles were functionalized with 2-4(-chlorosulfonylphenyl)-
ethytrichlorosilane (CTCS) in toluene. The particles were washed using distilled water and 
ethanol, consecutively, and dried in vacuum oven [132]. Surface initiated iron particles were 
then reacted with sodium azide in dimethylformamide (DMF) to provide azide terminated 
particles which would be reacted with alkyne through click chemistry reaction [144]. 3-
benzylsulfanylthiocarbonylsufanyl-propionic acid as chain transfer agent (CTA) was 
synthesized according to the reported literature [145]. The synthesized CTA was modified with 
propargyl alcohol to provide alkyne group [144]. The alkyne terminated CTA was used to 
polymerize tetrafluoropropyl methacrylate monomer. This reaction resulted in alkyne 
functionalized poly(tetrafluoropropyl methacrylate). The mechanism of surface coating of iron 
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particles poly(tetrafluoropropyl methacrylate) through a combination of Reversible Addition 
Fragmentation Chain Transfer (RAFT) and click chemistry is shown in Figure 3.1. 
 
Figure 3.1. The mechanism of surface coating of iron particles poly(tetrafluoropropyl 
methacrylate) through a combination of Reversible Addition Fragmentation Chain 


















































































































































































































































The chemical analysis and surface morphologies of grafted poly(tetrafluoropropyl 
methacrylate)–iron particles was characterized using Hitachi S-4700 equipped with an Oxford 
EDS System.  The specimens were magnified from 800X to 35,000X at an accelerating potential 
of 20kV.  The SEM images of non- and surface coated iron particles are shown in Figure 3.2 
(a) and Figure 3.2 (b), respectively.  Thin and uniform grafted polymers on a single iron particle 
can be seen in these pictures.  
 
(a)                                                                                         (b) 
Figure 3.2.  SEM images of (a) non-coated and (b) coated iron particle [146]. 
3. 2. 2. MRE Fabrication 
For this research pure rubber specimens, 50%wt coated and non-coated Silicone MREs 
were prepared. Silicone QM113A and B (Quantum Silicones) with the hardness of 7 durometer 
were used for elastomer matrix and carbonyl iron powder CN (3-7 microns, BASF) with a 
density of 3.5 (g/cm3) was used as iron particles. The two components were mixed with a mixer 
for 7 minutes at a weight ratio 10:1.  Then, iron particles were added at the desired weight 
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percentage, mixed, and the resulting mixture is poured into the mold. Then, the polymer was 
degassed at 25in Hg vacuum for 30 minutes to remove the bubbles, and cured under 1.0T of 
magnetic flux density for 5 hours at 70oC to align the iron particles.  The curing process was 
continued in the oven at 70oC for 12 hours.  The shear specimens were fabricated based on the 
ASTM standard [147]. The electromagnet with the shear specimen mold is shown in Figure 3.3 
(a) and the shear MRE mold is shown in Figure 3.3 (b).  The MRE mold is capable of curing 
12 specimens at a time.  The picture of silicone MRE specimens is shown in Figure 3.4 (a) and 
a silicone MRE double lap shear test is shown in Figure 3.4 (b).  Sil-Poxy silicon adhesive was 
used and cured for 12 hours to bond MREs and steel bars. The surface of steel bars, where 
attached to MREs, were roughened using 220 grit sandpaper. 
 
(a)                                                                              (b) 









                
                    (a)                                                                       (b) 
Figure 3.4. Room Temperature Vulcanization (RTV) SiliconeMRE (a) shear 
specimens (b) shear specimen, for shear test. 
3. 2. 3. Oxidation of MREs 
Elastomer matrix and MRE specimens were exposed to air at room temperature for one 
week after they were removed from the mold prior to oxidation. Rectangular shape elastomer 
matrix and MRE specimens were placed on three aluminum racks and the position of each 
specimen was marked.  The racks were placed into the chamber and the chamber was sealed.  
Compressed air was added to the chamber until the pressure reached 100psi. The thermo-
controller was set to 100°C. When the temperature stabilized at 100°C, the pressure was 
adjusted back to 0.68 MPa.  The specimens were taken out after one weeks.  The oxidative test 
procedure for the MRE specimens with polymer coated iron particles was treated, similarly. 






Figure 3.5. High pressure reactor for MRE ageing. 
 Shear Experiments 
Shear properties of MREs can be examined using a quasi-static shear experiment. To 
correlate the input electric current with the magnetic field inside MRE specimens, the magnetic 
field is measured using a magnetometer.  As shown in Figure 3.6 (a) the probe of the 
magnetometer is inserted in a small slit inside the specimen and the electric current is changed 
to measure the magnetic field of different specimens. The actual magnetic field inside MREs is 
expected to be a little higher since the slit is expected to reduce the flux density.  Figure 3.6 (b) 
demonstrates the magnetic field which is strongly related to the iron particle concentration and 
does not change considerably with the oxidation of the specimens.  For coated particles the 
magnetic field is 9.35% lower on average since the coating layer occupies space and reduces 
the amount of iron particles per unit volume.  In the case of the pure elastomer specimens, there 
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is 150mT magnetic flux density at 5amps; but as it is shown in Figure 3.8, the effect of magnetic 
field, when iron particles are not present, is minimal. 
 




      (b) 
Figure 3.6.  (a) Magnetic flux density measurement test set up, and (b) magnetic flux 
density for different specimens at different amps.  
To investigate the effect of coating and oxidation on MRE specimens, double lap shear 
tests are performed on an Instron electromechanical testing system (model 4210), as shown 
in Figure 3.7.  Shear test setup is consisted of two thick steel plates, and an electromagnet that 
can generate a closed-loop magnetic field, when the specimen is installed.  Shear test specimens 
are bolted to the Instron actuator and the shear test setup. All parts are parallel to ensure pure 
shear test condition.  A 500lbf Lebow load cell (model number 3132-500) and a RDP 
Electronics LVDT (model number DCTH100AG) DC to DC displacement transducer with 




Figure 3.7. Double lap shear test setup and INSTRON dynamic testing system. 
Shear experiments are performed on pure elastomer and 50%wt coated and non-coated 
specimens with the input frequency of 0.1Hz and 17.5% strain amplitude.  The input electric 
current is increased from zero to 4 amps to observe the effect of induced magnetic field within 
MREs.  The applied magnetic field within MREs is parallel with the iron particle chains to 
achieve highest possible MR effect. Each test has been performed four times to ensure the 
consistency of the results and to obtain the standard deviation.  Figure 3.8 (a) demonstrates 
shear test results of the pure elastomer specimens.  As can be seen, the magnetic field does not 
affect the shear test results.  As shown in Figure 3.8 (b), oxidation for a period of one week 












    
 (b) 
Figure 3.8. Pure elastomer (a) without oxidation, and (b) after one week of oxidation. 
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Figure 3.9 shows the stress-strain loop of the shear MRE specimens with 50%wt non-
coated particle concentration. As can be seen, by increasing the input electric current the 
maximum stress in the loop increases, which corresponds to increase in the stiffness.  However, 
area of the loop stays almost unchanged; thus, the change in the damping is minimal.  On the 
other hand, since the base stiffness decreases after oxidation, then the relative change of the 
stiffness increases. This occurs since the stiffness change remains constant, but the off-state 
stiffness is reduced.  
 




        (b) 
 
Figure 3.9. Stress-strain results for 50%wt non-coated MRE specimens (a) without 
oxidation, and (b) after one week of oxidation. 
Figure 3.10 shows similar results for MREs with 50%wt coated particles.  Comparing 
the two Figures shows that the off-state stiffness does not change with coating of the iron 
particles, but after oxidation the off-state stiffness is less reduced as compared to the non-coated 





       (a) 
 
    (b) 
Figure 3.10. Stress-strain results for 50%wt coated MRE specimens (a) without 




The effective shear modulus helps to understand the MR effect under polymerization.  
The effective shear modulus is obtained based on maximum strain and maximum stress [101].  
The MR effect is calculated using Equation (1). MR effect for pure elastomer and 50% wt. 
coated and non-coated MRE is presented in Table 3. 1. along with the standard deviation of the 
effective shear modulus.  As can be seen from Table 3. 1., oxidized coated specimens tend to 
preserve the MRE properties compared to non-coated specimens. 
    (1) 
Table 3. 1. Effective Shear Modulus and Percentage of MR Effect. 







MR effect (%) 
0%wt  
Non-oxidized 
0 152.6 1.21  
2 153.6 0.65 0.6 
4 156.9 2.32 2.8 
Oxidized 
0 51.5 0.8  
2 51.6 0.32 0.2 




0 342.9 7.37  
2 365.7 7.12 6.7 
4 374.3 5.41 9.2 
Oxidized 
0 145.7 1.35  
2 171.4 2.11 17.6 
4 182.9 2.47 25.5 
Non-coated 
Non-oxidized 
0 365.7 6.67  
2 388.6 5.42 6.2 
4 422.9 6.22 15.6 
Oxidized 
0 94.3 1.17  
2 134.3 1.54 42.4 











 Summary and Conclusions 
In this study iron particles are polymerized using a combination of RAFT and click 
chemistry techniques. Shear MRE specimens are prepared based on the ASTM standard using 
coated and non-coated particles.  Some MRE specimens are oxidized and their shear properties 
are examined utilizing double-lap shear tests to observe the effect of coating on performance of 
MREs. 
Results show that oxidation significantly reduces the shear modulus of the pure 
elastomer as well as the MREs.  The shear modulus of the pure elastomer is reduced three times 
while shear modulus of non-coated MREs is reduced nearly four times.  This demonstrates that 
oxidation mainly affects the elastomer matrix, and also affects the bonding among particles and 
the matrix.  It is shown that the effective modulus of coated MREs reduces 2.3 times, and that 





CHAPTER 4  
MODELING OF A NEW SEMI-ACTIVE/PASSIVE MAGNETORHEOLOGICAL 
ELASTOMER VIBRATION ABSORBER* 
 Introduction 
Protecting civil structures from hazardous vibrations can play a key role in saving lives 
and resources. Various active, passive and semi-active vibration devices have been proposed to 
protect civil structures from seismic or severe storm events [58].  Each system has its own 
advantages and disadvantages.  Semi-active vibration absorbers have received attention because 
they consume less power than active devices and controllability over passive systems [58, 59].  
A recent study has shown that a semi-active/passive absorber using magnetorheological 
elastomers (MREs) could potentially improve traditional base isolation systems in seismic 
control of structures [77]. 
MREs are composed of micron-sized magnetic particles embedded in an elastomeric 
medium and are analogous to magnetorheological fluids (MRFs).  For MRFs, the yield stress 
can be altered by an external magnetic field, while MREs have controllable stiffness that is a 
function of applied magnetic field.  MREs do not leak and their ferrous particles do not sediment 
as opposed to MRFs.  MREs are solid, flexible, can operate in a wide range of frequencies and 
can tolerate large deformations in tension, compression and shear.  Both MREs and MRFs have 
fast response time (in the order of milliseconds) under an applied magnetic field.  
*This chapter is published in the Journal of Smart Materials and Structures. Behrooz, 
M., Wang, X., & Gordaninejad, F. (2014). Modeling of a new semi-active/passive 
magnetorheological elastomer absorber. Smart Materials and Structures, 23(4), 045013. 
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Previous studies have shown potential applications of MREs for vibration control.  For 
example, MREs can be used in automobile engine variable stiffness suspension system [66, 85, 
120] or vehicle seat suspension system [73].  MREs have also been shown in applications such 
as adaptive tuned vibration absorbers (ATVAs) [83, 84, 87, 91, 92].  ATVAs can shift the 
natural frequency of the system by changing the shear modulus of MREs [86].  ATVAs with a 
real time controller can potentially suppress the response of a building compared to passive 
dynamic vibration absorber [95]. 
Variable Stiffness and Damping Absorbers (VSDAs) have been suggested in structural 
control.  With appropriate control strategy, the VSDAs can suppress and avoid system resonant 
response.  Kobori et al. [60] proposed and implemented an effective and low power VSDA in 
braces of a seismic response controlled structure.  Yang et al. [62] implemented a variable 
stiffness system based on bypass dampers and showed its performance depending on the type 
of the structure.  Most of the conventional VSDAs are mechanical or hydraulic systems and 
have inherent disadvantages, such as, complex structure, slow response and leakage [64].  A 
VSDA employing MRE, which may provide a solution to overcome these issues, has been 
proposed and investigated by the authors [64]. In other studies, modification of traditional lead 
rubber bearing with MREs led to a new controllable bearing device [96] and a small-scale MRE-
based bearing was studied as base absorber for structural applications[97].  Previous works by 
authors [64, 93, 96, 97] have shown a design and test results in modifying traditional steel rubber 
bearings into a semi-active device using MREs.  To use VSDAs for vibration control, the shear 
force deformation needs to be identified.  Shear force deformation of MREs have been 
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experimentally investigated [98] and models have been proposed to predict behavior of MRE 
devices under various mechanical deformation and applied magnetic fields [99, 100]. 
In this study, a new VSDA device for vibration control is investigated.  The proposed 
VSDA system consists of a traditional steel-rubber vibration absorber, as the passive element, 
and MREs with a controllable stiffness and damping behavior, as the semi-active elements.  The 
device is a transition between traditional passive absorbers and active absorbers.  It features a 
novel fail-safe design because of the integration of semi-active MRE and passive rubber 
elements.  This means that if MREs or electrical system fail to function, the rubber parts retain 
the minimum functionally of a passive steel rubber base absorber.  In this work, a VSDA 
prototype is designed, fabricated and tested.  The performance of the device under shear 
deformation is explored by using a double lap shear test setup to obtain the force-displacement 
relationship. Four VSDA prototypes have been manufactured and tested with significant 
stiffness and damping changes when activated with an input electric current.  Performance of 
an integrated system consisting of four VSDAs, a connecting plate and a controlled mass is 
investigated using shake table tests.  By measuring the frequency response of the integrated 
system, the capability of the VSDAs in shifting the natural frequency of the system is observed 
using frequency sweep technique for different input electric currents. 
 Design of the MRE-Based VSDA 
Figure 4.1 a shows a cross section view of the proposed VSDA.  It includes two steel 
caps each embedded with two coils.  The size of the absorber is 128×64×110 mm.  Rubber 
elements, MREs and shims are 12, 10 and 2 mm thick, respectively. Diameter of the MRE is 60 
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mm and the size of each cap is 128×64×42 mm. Coils embrace the steel core and steel top and 
the bottom circular plates which retain windings.  The number of turns for each coil is 800 and 
the power for each VSDA is 234.2 W at 4 Amps.  Two MREs and one elastomer layer on each 
side are placed on the top of each cap such that the MREs are placed on the top plate.  Positive 
and negative power cords are configured so that a closed loop magnetic field is guaranteed in 
the device to generate the highest possible magnetic field in the MREs.  In Figure 4.1a 
perpendicular magnetic fields are in the same direction as the particle chains in MREs where 
they were cured and aligned.  The steel shim plays two roles; first it makes a channel for the 
passage of the magnetic flux resulting in higher magnetic field in MREs, and second it prevents 
elastomeric layers from tearing upon the application of large strains.  For the electromagnetic 
design ANSOFT finite element package is utilized. The electromagnetic simulation and 
optimized results shows that the MREs in conical shape design combining with certain thickness 
shim would achieve highly effective magnetic field to activate the device.  In this design, two 
thick low-carbon steel plates embedded with four electromagnets generate a closed-loop 
magnetic field.  The steel shims, rubbers and MREs are placed between the two thick steel 






          
(b) 
Figure 4.1. (a) Schematic of the cross section of VSDA, and (b) photo of the VSDA. 
The magnetic field distribution inside the VSDA is analyzed using the ANSOFT finite 



















simulation results in cross section area of A-B are presented in Figure 4.2.  Based on these 
results, a relation between the applied electric current (I) and the magnetic field strength (B) is 
developed.  As shown in Figure 2, when the current approaches 5 Amps, the magnetic field 
approaches saturation.  An average magnitude of 0.65 Tesla can be achieved to activate the 
device with an applied electric current of 4 Amps.   
 
                           
Figure 4.2. Magnetic field distribution inside the VSDA for different input currents. 
Elastomer support is fabricated from a mixture of QM 113A and QM 113B from 
Quantum Silicones.  The two components were mixed at a weight ratio of 10:1 with a high 
speed mixer for 5-10 minutes.  The pre-cured polymer was degassed at 25 in-Hg vacuum for 30 
minutes to remove the bubbles, and cured in the oven at 70oC for approximately 24 hours, and 
then the elastomer was demolded.  Silicone MRE was synthesized using QM107A, QM107A 
(hardness 7 durometer) and iron particles with average diameter of 10 µm.  The two components 
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were mixed at a weight ratio 10:1 with a high speed mixer for 5-10 minutes.  Iron particles were 
added at 80wt%, mixed completely.  Then, the pre-cured polymer was degassed at 25 in-Hg 
vacuum for 30 minutes to remove the bubbles.  The formation of chainlike structures of iron 
particles within MREs is important to their performance.  Thus, the chains are formed by placing 
the pre-cured silicone–RTV MRE mixture in an electromagnet under 1 Tesla magnetic flux 
density inside MREs for 5 hours.  The chains are formed during chemical cross linking of the 
elastomer.  The curing process is continued in an oven at 70oC overnight.   
 Double Lap Shear Experiments  
To characterize the MRE-based VSDA, a double lap shear test setup is designed, 
fabricated and installed on a 5 kip Instron dynamic testing system (Figure 4.3).  The top plate 
of the setup is connected to the Instron load cell and the middle plate is connected to the actuator.  
Two VSDA devices are mounted between the vertical plates of the shear test setup.  The 
movement of the actuator which is connected to the middle plate of the two VSDAs shears the 
MREs as well as the elastomers inside the devices.  All parts are installed in parallel to ensure 
the movement in pure shear.  The force and displacement are measured directly by the Instron 
load cell and a LVDT, respectively.  To obtain the effect of the magnetic field on the stiffness 
and damping change of the VSDAs, the input electric current is increased from 0 to 4 Amps 
with step increment of 1.0 Amp for each test.  The shear strain is obtained based on the ratio of 
the shear displacement to the thickness of two elastomeric layers of the devices which is 20 mm 
in this design.  The maximum shear strain of 2%, 5%, and 10% is considered for this test based 




Figure 4.3. Double lap shear test setup on the INSTRON dynamic testing system. 
Figure 4.4 shows a typical result of the force-deformation curves of the VSDA for 
different applied electric currents and the maximum shear displacement of 1.0 mm which 
corresponds to 5% strain.  As can be seen, by increasing the input electric current, the slope of 
the curve increases.  This means that the stiffness of the VSDA can be altered by the applied 
magnetic field.  The area under the hysteresis loop, which represents increasing the damping 










Figure 4.4. Shear deformation test results of VSDA at 0.1 Hz 
In a study by Isaković et. al. [96] on the full-scale magnetic base absorber, the maximum 
shear force exerted by the absorber was shown to increase for about 39%, and 34% in another 
prototype study [97].  A full-scale base absorber with MREs was shown to be able to increase 
the maximum force 33-45 % depending on the input frequency [101].  Also, using soft MREs 
in base absorber, Li. et. al. [148] have increased the maximum load over 15 fold.  As shown 
in Figure 4.4, 57% increase in the maximum load is attainable with the application of 4 Amps.  




 Theoretical Study and Parameter Identification 
To use the VSDA along with a control system, its vibratory behavior needs to be 
modeled in terms of a force-displacement relationship.  Eem et. al. used a combination of 
Maxwell and Ramberg-Osgood models as a phenomenological model for shear deformation of 
MREs [99] and Li et. al. used another phenomenological model based on Koh-Kelly model to 
predict the behavior of MRE base absorber [148].   
Bouc-Wen model [149] is employed in this study.  The VSDA is expected to show 
stiffness, damping and hysteresis behaviors; therefore, a phenomenological model with springs, 
viscous dampers and a hysteretic Bouc-Wen element is proposed as shown in Figure 4.5.  In 
this model, increasing the magnetic field increases stiffness, damping and hysteresis effect of 
the device with a current dependent spring, mk , a current dependent damping coefficient, cmand 
a current dependent Bouc-Wen coefficient.  The control force of the VSDA device is: 
    xcxkyxcyxkzf mmVSDI   22                                   (1) 
 
where, α is a constant and z is the evolutionary variable to introduce hysteretic behavior of the 
Bouc-Wen model defined as [26]: 
 






                                            (2) 
 
where, β, γ, n and A can be found from fitting the experimental data and y is a dependent variable 




   yxcyxkyk   221                                                   (3) 
 
 
Figure 4.5. The proposed phenomenological model. 
The stiffness and damping elements are assumed to have a linear relation with the 
applied current, as follows:  
km = km1I + km0                                                          (4) 
cm = cm1I + cm0                                                           (5) 
cm = cm1I + cm0                                                         (6) 
 
where, I is the applied current,
 1m
k , 1mc  
and 1m  are the stiffness, damping and hysteresis effect 
changes per Amp and 0mk , 0mc  
and 0m  are the off-state stiffness, damping and  hysteresis 
effect.  A SIMULINK model has been developed to incorporate the equations and to obtain the 
shear force-displacement characteristics of the VSDA based on the proposed model.  The model 
constants are found and optimized by comparing experimental and simulation results using 
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SIMULINK and MATLAB.  The constant parameters of the phenomenological model are 
shown in Table 4. 1.  These parameters define the shape of the hysteresis loop and do not change 
with current and strain amplitude. 
Table 4. 1.  Constant Parameters Used for VSDA Modeling. 
Parameter Value Parameter Value 
N 1.14 
1k (N/m) 40,000 
β (1/m2) 70 
2k  (N/m) 25,000 
γ (1/m2) 3,000 
2c  (N/s.m) 80 
A 150 cm1 (N/s.m) 2 
  cm0 (N/s.m) 40 
 
Figure 4.6 shows the force-displacement results of the VSDA from experimental results 
and reconstructed theoretical modeling for on-state and off-state.  The stiffness, damping, 
hysteresis effect, and their respective changes are captured accurately with this model.  The 
sharp corners are created by the absolute function in the Bouc-Wen model.  Theoretical results 
show that the error is less than 5%.  Figure 4.7 shows the results of the off-state shear force 
deformation of the VSDA from experimental and theoretical results for various displacement 
inputs.  It is shown that the shape of the curves changes with different displacement amplitudes.  
Such behavior suggests that the model proposed above should have strain-dependent 




Figure 4.6. On-state and off-state shear force deformation  characteristics of VSDAs for 5% 
strain at 0.1 Hz. 
Table 4. 2.  Strain-Dependent Parameters Used for VSDA Modeling. 
Strain 
% 
0m  (N/m) 1m  (N/m) 
km0 (N/m) km1 (N/m) 
2 700 125 45000 3000 
5 600 110 25000 3750 




Figure 4.7. Off-state strain-dependent behavior of VSDAs at 0.1 Hz. 
Figure 4.8 shows the on-state results of the shear force deformation of VSDAs from the 
experiments and the proposed model. It is shown that the defined constants can capture changes 





Figure 4.8. On-state strain-dependent behavior of VSDAs at 4 Amps and 0.1 Hz. 
In this study, the proposed model is verified for the strain ranges of up to 10%. 
Increasing loading frequency also affects the load exerted by the VSDAs as expected for 
viscoelastic materials. The parameters of the proposed model are identified based on dynamic 
testing of an integrated system to consider this effect. 
 The Integrated System  
To demonstrate feasibility for vibration control, an integrated system consisting of four 
VSDAs, a connecting plate and a controlled mass is designed and built.  The performance of 
the integrated system is studied under various vibration conditions using the LDS shake table, 
as shown in Figure 4.9.  Four prototypes of the VSDA device are manufactured and tested with 
significant stiffness and damping changes, when the applied electric current is increased.  The 
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VSDAs are installed on a horizontal LDS-Dactron shaking table.  VSDAs are secured to on the 
slip plate and a connecting plate is glued on top.  A mass is introduced to the system, as the 
controlled mass.  Two accelerometers are calibrated and installed on the slip plate and upper 
mass to measure the input and output accelerations, respectively.  The total weight of the mass 
component in the integrated system is 135.7 Kg, which consists of four VSDA top caps, a 
connecting plate and the supported mass.  The system is considered a single-degree-of-freedom 
(SDOF) vibration system with a mass, controllable spring and variable damping dashpot.   The 
experiments were carried out using constant 0.1 g input acceleration and applied electric current 
ranging from 0 to 2 Amps.  The frequency was swept from 5 to 25 Hz to obtain the 
transmissibility function.  Laser USB data acquisition system is used to collect both input and 
output accelerations and the transmissibility function is calculated by the shake table software. 
In a previous work it has been shown how the properties of a single VSDA could be 
used to predict the performance of integrated systems [22].  In this study, a SIMULINK model 
along with signal processing is developed to model the behavior of the integrated systems as 
shown in Figure 4.10. In this model the input current is changed to determine the integrated 
system’s response with different input electric current.  The input to the phenomenological 
model, which is shown in Figure 4.5, is the relative displacement and the output is the force 
exerted by four VSDAs 
Figure 4.11 a shows the transmissibility function and increased stiffness from the 
experimental results and Figure 4.11 b shows the same data from theoretical modeling results.  
From the insert in Figure 4.11 a, it can be seen that natural frequency increases almost linearly 
with the input current.  This verifies that the linear assumption of stiffness increase with current 
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is valid.  Also the parameters of the model are identified for these dynamic experiments to 
consider the effect of increased frequency on VSDAs.  
In the current test range, the performance of the integrated system of the VSDAs did not 
show saturation with 2 Amps which means the VSDA devices have the potential to induce more 
changes in the stiffness and the damping of the system, if more electric current is applied.  
Comparing Figure 4.11 a and Figure 4.11 b demonstrates the capability of the proposed model 
for predicting dynamic behavior of VSDAs in the integrated system.  The model predicts the 
stiffness change accurately which can be seen from the peak frequency in both figures.  
However the damping prediction which is related to the peak transmissibility has 11 to 31% 
error depending on the input current.  This may be due to higher damping that occurs at higher 
frequencies. The results shows less damping occurs in quasi-static case compared to the 
dynamic testing; therefore, the damping obtained from quasi-static case needs to be modified 
for the prediction of the dynamic behavior of VSDAs. 
 
Figure 4.9. Photo of the experimental setup for the integrated system with four VSDAs. 
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.     
Figure 4.10. SIMULINK model of the integrated system. 
 
   
                                       (a)   Experimental                                                   (b) Theoretical  





 Summary and Conclusions 
A prototype VSDA is designed, built, and tested under quasi-static and dynamic shear 
loads.  To model the behavior of the system, quasi-static shear tests are performed.  Increase in 
the area of the hysteresis loop shows the increase in damping and increase in the slope of the 
force deformation curve shows the stiffness increase.  A phenomenological model which can 
capture the behavior of the VSDA is developed and the respective parameters are identified 
using experimental data from the double lap shear tests.  The model is able to predict the 
behavior of VSDA with different input electric current and strain amplitude.  The model will 
be used for future control applications.  
The performance of an integrated system of VSDAs is investigated with shake table 
vibration experiments to demonstrate their functionality to isolate a scaled structure from 
ground vibrations.  Results of the integrated system reconfirm that VSDAs are able to alter 
damping and stiffness of a scaled building with an applied electric current.  While increasing 
the supported mass will decrease the absolute natural frequency change of the system, VSDAs 
are still able to increase stiffness and damping of the system.  Moreover, when applied to the 
integrated system and its parameters are tuned, the model is able to capture the natural frequency 
of the integrated system.  This verifies that the model can be used for control applications with 





CHAPTER 5  
PERFORMANCE OF A NEW MAGNETORHEOLOGICAL ELASTOMER 
ISOLATION SYSTEM* 
 Introduction 
Base isolation can reduce the seismic vibration and prevent damage to structures.  Semi-
active vibration absorbers can potentially outperform other forms of absorbers, if their 
mechanical properties are tuned with a controller [60].  Most semi-active absorbers are intended 
to mitigate vibrations by changing either stiffness or damping or both in the structures.  Semi-
active vibration absorbers could potentially be an option in structural control [59, 61, 104–106].  
Controllable, semi-active isolation systems can simultaneously reduce the acceleration and 
displacements of a structure [107], but reliability issues may limit their application for civil 
structures [108].  Most conventional variable stiffness devices are mechanical devices [58, 60] 
or hydraulic systems [61–63] with inherent disadvantages, such as delayed response, complex 
structure and liquid leakage.  A magnetorheological elastomer (MRE)-based isolation system 
may address some of these issues. 
MRE is a composite material composed of dispersed micron-size magnetizable particles 
embedded in an elastomeric medium.  MREs can operate in a wide range of frequencies and 
 
* This chapter is published in the Journal of Smart Materials and Structures. Behrooz, 
M., Wang, X., & Gordaninejad, F. (2014). Performance of a new magnetorheological elastomer 




tolerate large shear deformations.  MREs have a very fast response time on the order of 
milliseconds [66].  Furthermore, MRE-based devices do not have leakage and sedimentation 
issues.  MREs have theoretically been shown to be effective is vibration isolation of structures 
[76].  MRE-based devices have been used as the controllable semi-active elements in vibration 
isolation applications including Adaptive Tuned Vibration Absorbers (ATVAs) [79–81], 
dynamic vibration absorbers for multiple story building structure [83], vehicle seat vibration 
absorber [150] and engine vibration absorber [151] since they can increase the natural frequency 
of the system over 100% [82]. Recently MREs have been used for base isolation of structures 
as a prototype [78] and in a full scale absorber with 38% stiffness increase with application of 
5 Amps [101]. 
Utilizing MRE-base device without a controller may not be beneficial for all frequency 
bands.  A controller can tune performance based on the input vibration and minimize the 
transferred shock or vibration to the structure.  Different control strategies, including optimal 
control [109, 110, 152], maximized energy dissipation with discretized on-off control [111], 
skyhook [110], LQG controller[153], Lyapunov-based strategies [111, 113, 154] and a turbo-
Lyapunov controller [155] have been implemented for controlling MRF dampers, but limited 
studies have been conducted on control of MRE-based systems.  Different active and semi-
active control strategies for structural control of a benchmark building have been proposed for 
design purposes [114].  Jansen et al. [111] compared different control strategies and found 
Lyapunov and clipped optimal control are  effective strategies for semi-active structural control.  
In a recent theoretical work, a MRE isolation system has been implemented to a scaled structure 
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with a fuzzy logic control strategy [78].  Also, it is shown that on-off control is effective for 
MRE base isolation systems [91]. 
In the present study, a two-story scaled building isolated with four VSDAs is 
theoretically and experimentally investigated.  A previously developed model along with the 
state-space equations of the scaled building are used to develop a feedback control loop.  The 
Lyapunov-based control strategy is suggested for this work and control parameters are tuned 
using simulation of the controlled isolated scaled building.  Simulation results demonstrate the 
advantage of using VSDAs for the base isolation of the scaled building.  Finally, a two-story 
scaled building supported by four VSDA absorbers is designed, built and tested under the scaled 
El-Centro EW seismic input.  The control strategy is applied to the base absorbers to verify the 
applicability of the proposed model and the control strategy for reducing the acceleration and 
displacement response of the scaled structure. 
  Dynamic Performance of the VSDA 
The fail-safe design of the VSDA consists of two thick low-carbon steel caps each 
embedded with two electromagnets to generate a closed-loop magnetic field.  There are 800 
turns in each coil and the input power to each VSDAs is 234.2 W at 4 Amps.  The steel shims, 
rubbers and MREs are placed between the two thick steel plates to maintain the resemblance 
with traditional steel rubber bearings and provide the fail-safe feature.  The shear stiffness of 
MREs increases due to an increase in the magnetic field; thus, increasing the stiffness of the 
VSDA.  To demonstrate the capability of the VSDAs for the base isolation, dynamic shear 
experiments are performed using shake table tests as shown in Figure 5.1.  Constant acceleration 
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tests with sinusoidal swept frequency technique are used to study the dynamic stiffness and 
damping change of the VSDA.  By measuring the frequency response of the VSDA, the 
transmissibility and phase angle difference of the input and output acceleration versus sweeping 
frequency for different input electric currents is obtained.  
 
Figure 5.1.  Photo of the dynamic shear test experiments 
The transmissibility and phase angle difference of input and output acceleration under 
different input currents are shown in Figure 5.2.  As shown in Figure 5.2 a, increasing the input 
electric current, increases the natural frequency, and hence, the stiffness of the VSDA.  Figure 
5.2 b shows the increase in the phase angle with input electric current which shows the damping 
increase in the VSDA.  The experimental results demonstrate that the VSDAs are capable of 












   
                                                   (a)                                                                                         (b) 
Figure 5.2.  (a) Transmissibility, and (b) Phase angle of 0.1g sinusoidal constant 
amplitude acceleration input for input electric currents ranging from 0 to 3 Amps.  The 
insert in Figure 2 (a) represents peak frequency vs. input electric current. 
To use the VSDAs along with a control system, their force-displacement relationship is 
developed using a phenomenological model [156].  The model is used to predict the force 
exerted by VSDAs and parameters of the model are identified from experimental data.  The 
model can take into account the effect of the field-dependent stiffness along with the damping 
and hysteresis behavior of the MREs.   
  The Isolated Scaled Building 
To demonstrate feasibility of utilizing the proposed VSDA for structural control, four 
prototype VSDAs and a 1:16 scaled two-story building with adjustable mass are fabricated.  The 
two-story scaled building is fixed on the upper part of the VSDAs and the VSDAs are installed 
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on a Ling Dynamic Systems shake table.  The total weight of the structure and the four top caps 
of the VSDAs is 68 kg.  All masses and dimensions are scaled down with appropriate scaling 
factors based on the design procedures [157].  The first mode frequency of the isolated scaled 
building can be shifted from 11.59 Hz to 13.39 Hz with 2 Amps input current; which 
corresponds to 32.78 % increase in the stiffness of the system.  A photo of the experimental 
setup is shown in Figure 5.3.  Four accelerometers with a maximum range of ±2g are calibrated 
and installed on the three floors of the scaled building and the slip plate. 
 
Figure 5.3.  Photo of the experimental setup. 
Output 
accelerometers 










The governing equations of the system are: 
 
    VSDIg fxmxkxkkxcxccxm   1111211212111  
m1ẍ1 + (c1 + c2)ẋ1-c2ẋ1 + (k1 + k2)x1-k1x1 = -m1ẍg + fVSDI
    gxmxkxkkxkxcxccxcxm  23323213332321222   
gxmxkxkxcxcxm  33323332333   
VSDIg LFxMKXXCXM  










































































 TL 0,0,1                                                   (7) 
 
where M is the mass matrix, C is the damping matrix, K is the stiffness matrix of the building 
and gx  is the ground acceleration.  The mass of the first floor with the four VSDAs’ top parts 
is kgm 281  m1 = 28kg and the rest of the floors are kgmm 2032  m2 = m3 = 20kg.  1k k1 
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is zero since it is already considered in the force modeling of VSDAs.  
2k  and 3k  are equal to 
mNe /601.1 .  Similarly, the damping 1c  is considered to be zero and damping 
msNcc /.1832  c2 = c3 = 18 is obtained from the damping of the structural steel. 
  Lyapunov-Based Controller  
Increasing the damping and stiffness of the VSDAs in a passive manner may not be 
beneficial for the seismic response reduction of the scaled building during all types of seismic 
events.  An appropriate control strategy with the ability to tune the properties of VSDAs may 
ensure better response for different seismic conditions.  Acceleration inputs are selected as 
inputs for the controller since acceleration measurement is more manageable than displacement 
measurement especially during a seismic event [109].  The remaining variables for the control 
application including displacements and forces can be computed from the acceleration 
measurements using appropriate data acquisition and filtering techniques.  Before testing, 
accuracy of the derived variables is verified with displacement sensors.  The state-space 
equation of the two-story scaled building can be written, as follows: 
 











































E          B = [
0
Λ
]      (9) 
The state vector z  is defined as  
T
xxxxxxz 321321 ,,,,,  z = [z1, z2, z3, ż1, ż2, ż3]
Tand  T1,1,1
Λ = [1,1,1]T.. 
 
For the present application, a Lyapunov-based control strategy is used since it is robust 
and time delay does not affect it [158], it can minimize transferred energy to the structure and 
can be used for both linear and nonlinear systems.  The Lyapunov function can be expressed 
as: 
  RzzzV T                                                           (10) 
 
where, R is the solution of the following equation: 
 
QRAAR T                                                         (11)  
 









The following equation, which defines the input voltage base on the force measurement, can 
minimize theV̇(z)[111]. 
 VSDITcontrol RBfzHVv  max                                                (13) 
 
where, H is the Heaviside step function and matrix R contains the control tuning factors.  The 
scaled building equations along with the VSDA force modeling in the SIMULINK is used to 
simulate the control testing.  The control voltage from Equation (13) is fed to the current-
dependent stiffness, damping and hysteresis sub-models to control the VSDA behavior. 
  Simulation of Controlled Isolated Scaled Building 
A SIMULINK model combined with a MATLAB code is developed to implement the 
state-space equations of the building.  The SIMULINK model shown in Figure 5.4 is used both 
for simulation and experiments.  The difference is in the acceleration time history which is 
generated by computer for the simulation and is measured via accelerometers for the 
experiments.  Also, the control signal is fed to the power supplies in the experiments.   The 
Lyapunov control strategy is implemented in the controller part of the model.  The controller 
needs to be tuned with appropriate R values to achieve the largest reduction in accelerations and 




Figure 5.4.  SIMULINK model of the controlled isolated scaled building. 
To obtain the appropriate R values through simulation, the scaled El Centro EW seismic 
excitation is applied as the input to the model.  The El Centro earthquake is selected since it 
consists of a wide frequency range.  Using a MATLAB code, the 1:16 scaled seismic 
acceleration excitation and its power spectrum density are obtained for input to the simulation 
and experiments, as shown in Figure 5.5.  As can be seen, the maximum power spectrum density 
of the scaled El Centro EW excitation occurs about 7Hz which is close to the frequency of the 
first mode of the isolated structure (11.59Hz).  An appropriate control strategy has the potential 




(a)                                                                           (b) 
Figure 5.5.   The scaled El Centro earthquake EW (a) acceleration, (b) power spectrum 
density. 
The simulation results of the comparison between controlled and passive absorbers are 
shown in Figure 5.6.  Since the highest floor usually has the maximum acceleration and 
displacement, only the third floor results are presented here.  It is demonstrated that controlling 
the VSDAs can simultaneously reduce the maximum displacement and acceleration of the third 
floor, and hence the entire scaled building.  With the present controller design, the maximum 
acceleration of the third floor is reduced by 22% while the maximum displacement is reduced 




(a)                                                                             (b) 
Figure 5.6.   Passive and controlled: (a) acceleration, and (b) displacement of the third 
floor. 
  Experimental Study 
The controller design, which is derived from the control simulation, is used to control 
the VSDAs.  The control signal turns on and off the power supplies and controls the mechanical 
properties of the VSDAs.  The scaled El-Centro EW is inputted to the shake table.  The 
calculated Power Spectrum Density (PSD) for the shake table input may generate slightly 
different acceleration in the shake table.  Also, the results of the experiments can vary from the 
simulation because of the VSDAs and the scaled building fabrication process.  As shown 
in Figure 5.7 and Figure 5.8 the applications of passive VSDAs reduce the maximum 
acceleration of the third floor of the scaled building while it increases the maximum 
displacement compared to the fixed base condition.  The on-state VSDAs reduce the maximum 
acceleration and  displacement compared to the passive state.  Finally, controlling VSDAs 
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reduces the maximum acceleration while increasing the maximum displacement compared to 
the on state.  This indicates that the controlled state results in reduction of acceleration and 
displacement.  Another advantage of using the control strategy is less power consumption 
compared to the on state, since the integration of the control signal shows that 17% less power 
is consumed by the controlled VSDAs compared to on-state.  The present control strategy 
absorbs the transferred energy by slightly increaing the dispalcement of the stucture.  
 





Figure 5.8.   Typical results of the effect of VSDAs and control strategy on the relative 
displacement of the third floor. 
To better understand the performance of the VSDAs and the control strategy, 
acceleration and displacement PSD of the third floor are explored.  PSD can be used to 
demostrate the absorption of energy in different VSDA conditions.  The PSD of the third floor 
acceleration is shown in Figure 5.9 (a), and Figure 5.9 (b) shows the PSD of the third floor 
displacement.  As can be seen, the on-state reduces the transferred power compared to other 
cases, because VSDAs consume and absorb maximum power and energy in this case. 
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(a)                                                                     (b) 
Figure 5.9.  Power spectrum density of acceleration and displacement. 
Maximum relative acceleration and displacement as well as absolute acceleration and 
displacement also help to understand how the controller functions.  Figure 5.10 (a) demonstrates 
that the control strategy reduces the maximum relative acceleration of the floors and Figure 5.10 
(b) shows that this is possible by slightly increasing the maximum relative displacement of the 
floors.  As can be seen in Figure 5.11 (a), as the floor number increases, the controlled condition 
shows better results of absolute acceleration reduction while in Figure 5.11 (b) absolute 




         
(a)                                                                                                (b) 
Figure 5.10.   Maximum relative (a) acceleration and (b) displacement of the scaled 
building. 
       
(a)                                                                     (b) 





To summarize, Table 5.1 lists the maximum acceleration and desplacement reduction in 
percentage.  It should be noted that sizes, number of floors and the control strategy is different 
in this research than the one that is compared to [78].  
Table 5.1. Comparison of the scaled building percentage of maximum absolute 
acceleration and displacement changes. 
 Passive to 
fixed base 






Top floor acceleration 27.8 35.8 11.5 47.3 39 
Top floor displacement -20.4 35.4 0 35.4 41 
  Summary and Conclusions 
A previously developed phenomenological model is used to predict the behavior of 
MRE-based VSDAs.  In this study that model along with the equations of motion is utilized to 
develop a Lyapunov-based control strategy for seismic control of a 1:16 scaled two-story 
structure.  The scaled building response is simulated using a model of the semi-actively isolated 
scaled building to tune the controller.  The feedback controller is optimized to achieve 
maximum reduction in acceleration and displacement of the scaled building using simulations.  
Simulation results demonstrate reduction in both acceleration and displacement of the structure 
by implementing the designed controller.  A 1:16 scaled two-story building supported by four 
VSDA absorbers is designed and fabricated for the experimental study.  The control scheme 
with the tuned values is utilized for the VSDAs subjected to the scaled El Centro EW input 
motion.  Comparisons of fixed-base, off-state, on-state and controlled VSDAs conditions show 
that passive VSDAs significantly reduce the acceleration while slightly increase the 
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displacement.  Therefore, the fail-safe characteristic of the VSDAs ensures that in the event of 
a power outage, the VSDAs operate in the passive mode.  The on and controlled states reduce 
the maximum acceleration and displacement more than passive state. Moreover, less power is 
consumed by the controlled VSDAs compared to passive on-state.  Therefore, the controlled 
VSDAs can be desirable since its performance is close to on-state while it is more energy 
efficient.  Comparison of maximum acceleration and displacement of different floors show that 
by controlling VSDAs, the acceleration is reduced at the cost of a small increase in the 






CHAPTER 6  
SUMMARY, CONCLUSIONS AND FUTURE WORK 
 Summary and Conclusions of CFMFTS  
A unique controllable flexible magnetically-actuated fluid transport system (CFMFTS) 
was modeled, and numerically analyzed.  The flexible microchannel is made of a soft 
magnetorheological elastomer membrane.  A model with combined magnetic, elastic, and fluid 
domains was created and was numerically solved using COMSOL multi-physics finite element 
package.  The results for the passive system (no magnetic field applied) showed good agreement 
with a published analytical solution.  Using two-dimensional analyses, the effect of magnetic 
induced force on the microchannel’s wall was investigated for valveless and valved 
configurations to examine the volume flow rate that such a system can propel.  The effect of 
each system parameter was investigated on the performance of the system individually and 
finally three-dimensional analyses were performed to account for asymmetric deflection of the 
tube.  Results successfully demonstrated the capability of the system to propel fluid, when the 
parameters are designed appropriately. 
 Future Work for CFMFTS  
All studies for this dissertation were carried out using 1 Hz loading frequency.  Since 
the operating frequency is important for micropumps [159], the effect of frequency on the 
propulsion capability of CFMFTS can be investigated.  The effect of large deformation on the 
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moving mesh method also needs to be investigated.  Performance and flow resistance of the 
valves should be investigated in more detail. A comprehensive experimental study needs to be 
conducted to study the system parameters to validate the numerical results.  
 Summary and Conclusions of VSDA 
A novel variable stiffness and damping absorber (VSDA) was designed, built and tested 
under quasi-static and dynamic shear loading.  Results of the dynamic experiments showed that 
both stiffness and damping of the system changes under the application of a magnetic field.  
Significant variations in stiffness and damping of the VSDA were observed due to changes in 
properties of MREs under a magnetic field.  The increased stiffness results in shifting natural 
frequency to the right, and the increased damping results in a decrease in peak amplitude of the 
transmissibility.  A phenomenological model that can capture the behavior of the VSDA was 
developed and related parameters were identified using experimental data through shake table 
experiments.    This model was implemented into a 1:16 scaled two-story building system to 
develop a Lyapunov-based control strategy for the seismic control of the structure.  Predictions 
of the scaled building responses utilizing VSDAs and the proposed controller were investigated.  
Simulation results showed that reduction in both acceleration and displacement of the structure 
relative to off-state is possible using the designed controller based on Lyapunov control strategy 
for El Centro EW scaled acceleration input.  In addition, a two-story scaled building supported 
by four VSDA absorbers was designed, built and tested.  The proposed control strategy was 
used to semi-actively control the VSDA behavior under seismic El-Centro EW vibrations.  
119 
 
Controlled testing results show that less power is consumed and maximum acceleration is 
reduced further when the VSDAs are controlled compared to on-state.  
 Future Work for VSDA 
For future works, arrangement of the VSDAs and the thickness of the VSDAs for a full-
scale building can be investigated. The possibility of utilizing more VSDAs but smaller in size 
vs. fewer VSDAs but larger in size can have a significant effect on the rocking of the building 
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Appendix A. Fabrication of Magnetorheological Elastomers 
Figure A.1 (a) illustrates the electromagnetic system used for curing MREs to obtain 
directional properties i.e. enhanced stiffness change, and Figure A.1 b illustrates the mold used 
to produce conical MREs. A typical cured MRE is shown in Figure A.2.  Figure A.3 
demonstrates the picture of the mold used to make the passive rubber parts of the VSDA.  
 
Figure A.1. Photo of: (a) Electromagnetic device, and (b) MREs mold. 
 





Figure A.3. The fabricated rubber support and mold. 
The formation of chainlike structures of magnetic particles within MREs is important to 
their performance.  The chains were formed by placing the pre-cured silicone–RTV MREs 
mixture in a magnetic field during the curing process.  The chains were locked in place during 
chemical cross-linking of the elastomer.  The chain distribution of iron particles within MREs 
was confirmed using optical or electron microscopy.  The strength of the chainlike structure 
depends on the strength of the electromagnetic field.  The cross-section of silicone–RTV MRE 
images from an optical microscope are shown in Figure A.4. The chainlike structure can be seen 





Figure A.4. The optical images of aligned iron particles in silicone–RTV MREs: (a) 2x, 





Appendix B. Effect of Frequency on the Performance of the VSDAs 
Increasing loading frequency also affects the amount of load exerted by the VSDAs, as 
expected for viscoelastic materials. From Figure B.1, the maximum force in off-state increased 
about 55% when the loading frequency was increased from 0.1 to 10 Hz and stayed almost 
constant for more than 10 Hz.  
 
Figure B.1. Off-state frequency dependent behavior of VSDAs at 5% strain. 
As shown in Figure B.2, the frequency effect is more pronounced for on-state since the 
maximum load continued increasing up to 60% when the loading frequency was increased from 
0.1 to 20 Hz.  The effect of the frequency is not directly modeled in this work, but it is 
considered in transmissibility experimental and theoretical study of an integrated system of 
VSDAs.  The model was tuned for dynamic testing by slightly increasing parameters of the 
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model to fit the experimental data. The integrated system modeling demonstrated the 
performance of the VSDAs and the model when VSDAs are supporting a heavy load. 
 




Appendix C. Data Acquisition System 
National Instrument PCI-1000 chassis along with SCXI-1120 modules were used to 
record the acceleration data.  Simulink data acquisition tool box was used to record the data. 
Hardware filtering has been performed using the jumper settings of the PCI-1120 module.  Data 
were also filtered and centered using bandpass filter and amplified using the signal processing 
toolbox of the SIMULINK.  
Figure C.1 depicts the complete block diagram of the entire system with feedback 
control loops.  PCI-MIO-16E-1 data acquisition card along with PCB-68 breakout board was 
used to read the accelerometers’ signals in the computer. Four piezoelectric DC accelerometers, 
model number 4575 from Brüel & Kjær with a maximum range of ±2 g and an accuracy of 
1000 mV/g were used. One accelerometer was used as an input and rest of the accelerometers 
were used on the floors.  The signals from accelerometers were converted to displacement and 
velocity via integration and were used in the control law.  The control signal was sent to a 
current controller through the output channels of the same data acquisition system.  The current 
controller is composed of a current mode controller PWM chip which can generate a PWM 
signal. The PWM signal was inputted to a power MOSFET to open and close the main power 
circuit.  The control and PWM signals were checked with an oscilloscope to ensure the accuracy 
and the shape of the generated control signal in the data acquisition system vs. the signal 





Figure C.1.  Block diagram of the control of a two-story building with four VSDAs  
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Appendix D.  Dynamic Performance of a Single VSDA 
To utilize VSDA in a system for vibration control, its mechanical properties should be 
identified.  Constant acceleration vibration experiments with sweeping frequency technique 
were used to measure the performance of each device and as well as the integrated system.  By 
measuring the frequency response of the device, the transmissibility function versus sweeping 
frequency, and different control input electric currents are obtained.   
The performance of the VSDA was examined by a 2 Kip shaking table Ling Dynamic 
System (LDS) under shear test. Figure D.1 shows a picture of the experimental setup.  The 
transmissibility function and the phase angle plot were obtained by the LaserUSB data 
acquisition system.  The transmissibility function is the ratio of magnitude of output 
acceleration to the input acceleration and the phase angle is the phase difference of input and 
output accelerations as a function of frequency.  Two accelerometers were calibrated and 
installed, one on the shake table and another on the top cap of the VSDA.  A DC power supply 
was used to supply the input power to the accelerometers and a TDK Lambda power supply 





Figure D.1. Photo of the experimental setup. 
The stiffness and damping of the VSDA can be obtained by considering the device as a 
single-degree-of-freedom (SDOF) system supporting the top part as a mass.  The damped 
natural frequency and damping ratio was obtained from the measured transmissibility functions.  
The transmissibility function is generated using the following equation: 
 
𝑇𝑎 = 𝑇𝑑 =
√(2𝑟𝜉)2+1
√(2𝑟𝜉)2+(1−𝑟2)2














Accelerometer Shaking chamber 
Power input 








where 𝑓𝑝 is the peak frequency, 𝑓1 and 𝑓2 are the frequencies where half power is transmitted 
and computed at 3 dB below 𝑓𝑝. With the quality factor, one can calculate the damping 





                                                               (B.3)   
 
Therefore, the stiffness 𝐾(𝐼) as well as the damping coefficient 𝐶(𝐼) of the VSDA as a 
function of applied currents I can be obtained by Equations (B.4) and (B.5), where, m is the 
mass of the top cap, ζ is the damping ratio and fpeak is the resonant frequency.  Equations (B.6) 
and (B.7) are used to determine the percentage changes in the stiffness and damping coefficient 
of VSDA, respectively; where 𝐾(𝐼) and 𝐶(𝐼) are the stiffness and damping coefficient in the 
activated state, whereas Koff and Coff  are the stiffness and damping coefficient in the off-state. 





                                                         (B.4)  








× 100                                                  (B.7)  
 
Results of similar experiments are summarized in the following tables for different 
acceleration inputs. The peak transmissibility (Tpeak) and corresponding peak frequency (fpeak ) 
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for different applied currents are listed in Table D.1, 0 and Table D.3 for three input 
accelerations of 0.2 g, 0.3 g and 0.4 g, respectively.  The stiffness (K) and damping coefficient 
(C) as a function of applied electric current, as well as, their percentage changes compared to 
the off-state (no applied magnetic field) are also listed in these tables.   Higher damping and 
higher stiffness changes under applied electric currents were obtained for acceleration input of 
0.2 g.  In all three cases, significant changes in stiffness and damping coefficients of the VSDA 
were observed.  As can be seen, the proposed VSDA is capable of altering its stiffness and 
damping properties simultaneously up to 30% and 40%, respectively, with an applied electric 
current of 5 Amp.   
Table D.1. Characterization Properties of VSDA for 0.2 g Acceleration Input. 
Input Current 
(Amp) 







0 30.31 6.05 74.49  6.37 1.56  
1 31.08 5.77 78.45 5.31 6.87 1.73 10.67 
2 32.05 5.70 83.61 12.24 7.69 2.00 27.89 
3 32.93 5.82 88.28 18.52 7.81 2.09 33.47 
4 33.77 5.84 92.84 24.64 7.78 2.13 36.35 






Table D.2. Characterization Properties of VSDA for 0.3 g Acceleration Input. 
Input Current 
(Amp) 







0 28.2 6.16 64.57  6.88 1.57  
1 28.87 5.81 67.72 4.87 7.15 1.67 6.42 
2 29.98 5.72 73.15 13.28 7.62 1.86 17.88 
3 31.14 5.83 78.89 22.17 7.58 1.92 21.77 
4 31.82 5.82 82.42 27.64 7.75 2 27.26 
5 32.17 5.79 84.25 30.46 7.83 2.05 29.99 
Table D.3. Characterization Properties of VSDA for 0.4 g Acceleration Input. 
Input Current 
(Amp) 
fpeak (Hz) Tpeak K 
(KN/m) 
ΔK % ζ% C 
(KN.s/m) 
ΔC % 
0 27.45 6.23 61.09  6.38 1.42  
1 27.95 5.92 63.43 3.82 6.92 1.57 10.51 
2 28.87 5.69 67.81 10.99 7.58 1.78 25.16 
3 29.61 5.63 71.44 16.94 8.13 1.96 37.8 
4 30.58 5.85 76.14 24.62 7.74 1.92 35.43 
5 30.91 5.86 77.8 27.34 7.72 1.94 36.54 
 
 The next set of testing were performed while the temperature was kept constant. Every 
test were performed starting at room temperature to minimize the temperature effect. 
Characterization tests were carried out using constant input acceleration of 0.05, 0.1 and 0.2 g 
(1 g = 9.80 m/s) with a range of sweeping frequencies from 5 to 60Hz in sinusoidal motions.  
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In each test, the input electric current is kept at 0.0, 1.0, 2.0 and 3.0 Amps. The results of 
vibration experiments, presented in Table D.4., Figure D.2. and Figure D.3., show the 
transmissibility and phase angle difference for 0.1 g acceleration inputs. 
Table D.4. Single VSDA Damping and Stiffness with 80%wt. Aligned MRE and for 
Different Input Electric Currents and Different Acceleration Inputs 
 















0 75.36 52.89 148.49 81.94 141.06 74.29 
1 86.26 57.76 164.77 80.99 152.98 95.12 
2 96.20 63.39 185.89 88.61 172.92 89.02 




Figure D.2. Transmissibility of 0.1g sinusoidal constant amplitude acceleration input for 
different input electric currents ranging from 0 to 3 Amps.  The insert in Figure 2(a) 




Figure D.3. Phase angle difference for 0.1 g sinusoidal constant amplitude acceleration 
input for different input electric currents ranging from 0 to 3 Amps. 
Effect of iron particle alignment: During the curing process of the MRE, the iron 
particles align with the applied magnetic field. Aligning particles changes mechanical and 
electrical properties of MREs.  To observe this effect 80% wt. MREs with aligned and 
homogenous configurations were fabricated.  Silicon oil added to the MRE mixture to lower 
the stiffness and permit higher iron particle percentage. Figure D.4 demonstrates the typical 
transmissibility of the VSDA’s upper cap response to the base motion with peak 0.2 g 
acceleration in sinusoidal excitations for 80% wt. Non-aligned MRE.  It is clear that increasing 
the input electric current makes the VSDA stiffer and shifts the resonant (or peak) frequency to 
the right.  One can also observe that the peak amplitude of the transmissibility decreases in 
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response to the applied input electric current as a result of damping increase.  Figure D.5 shows 
the corresponding phase angle difference between input and output accelerations.  Increasing 
the applied current also significantly shifts the phase angle, especially, at about the resonant 
frequency.  
Similar results are presented in Figure D.6 and Figure D.7 for the change in stiffness 
and damping properties of the VSDA implementing 80% wt. aligned MRE subjected to various 
applied electric currents.  Larger shift in natural frequency was observed when compared to the 
non-aligned MRE.  This demonstrates that the MRE with an aligned particle structure has better 





Figure D.4. Transmissibility of 0.2g sinusoidal constant amplitude acceleration input for 
different input electric currents ranging from 0 to 2.5 Amps, Insert in Figure: Peak 
frequency vs. change in input electric current for 80%wt. non-aligned MRE. 
 
Figure D.5. Phase angle of 0.2g sinusoidal constant amplitude acceleration input for 





Figure D.6. Transmissibility of 0.2g sinusoidal constant amplitude acceleration input for 
different input electric currents ranging from 0 to 2.5 Amps, Insert in Figure: Peak 





Figure D.7. Phase angle of 0.2g sinusoidal constant amplitude acceleration input for 
different input electric currents ranging from 0 to 2.5 Amps for 80%wt. aligned MRE. 
The change in the stiffness and damping of the VSDA with both non-aligned and aligned 
MREs are shown in Figure D.8 and Figure D.9 for different applied currents.  In both cases, 
significant changes in stiffness and damping of the VSDA are observed; however much higher 
changes are observed with the implementation of aligned MREs. As shown, the proposed 
VSDA is capable of altering its stiffness and damping properties simultaneously up to 110% 





Figure D.8. Stiffness change of VSDA for 80%wt. aligned MRE compared to 80% wt. 
non-aligned MRE. 
 




Experimental results prove that the VSDA with aligned MRE achieves much better 
performance in stiffness and damping changes than the one with non-aligned MRE.  The VSDA 
with aligned MRE and 80%wt. iron particle concentration is capable of increasing its stiffness 
and damping properties significantly beyond that of homogenous MREs. 
Effect of temperature on VSDA performance: Because each VSDA embeds fours 
electromagnetic coils, it produces heat and increases the temperature in MREs. Increasing heat 
in MREs will affect its mechanical properties such as the damping ratio. The temperature was 
monitored by a separate National instrument USB thermocouple.  Figure D.10 shows how the 
temperature on the surface of MRE increases for 80 oC in twenty minutes only if the applied 
current is kept constant at 4 amps.  Figure D.10 also depicts how MREs cool down once the 
electric current is removed. The temperature effect was much less in control and seismic tests 
because duration of seismic experiments was around 1 minute and also the devices were turned 




Figure D.10. Temperature increase in MREs with 4 Amps electric current input. 
Figure D.11 shows the increase in stiffness with applied electric current for the VSDAs 
when tests are done continuously and temperature builds up in the VSDAs. It is shown that by 
applying higher currents natural frequency shifts to the right, which means stiffness is increased, 
but peak transmissibility decreases from 7.2 to 5.7 which means the damping of the MRE/rubber 




Figure D.11.  Transmissibility of 0.3g sinusoidal constant amplitude acceleration input 
for different input electric currents ranging from 0 to 5 Amps  for MRE and Rubber 
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Appendix E. Design and Characterization of the Scaled Building 
The 1:16 scale was selected based on the maximum size of the scaled building the shake 
table can handle.  The scaling factors are shown in Table E.1.  Scaled parameters can be 
calculated by dividing the actual parameter over the scaling factor e.g. 𝐿𝑠𝑐𝑎𝑙𝑒𝑑 = 𝐿/𝑆.  The 
ground motion is scaled by keeping the acceleration constant and scaling the time by dividing 
it over √𝑆. 
 Scaling factors used for the scaled building. 









The scaled building consists of two stories that are 9 inches in height and a base floor 
that houses the four absorbers underneath.  Each floor for each story is one solid platform with 
the dimension of 18"×18".  The platforms are secured together by four rods that are fastened by 
nuts and washers - one at each corner of the platforms.  Mass was added and adjusted on each 
story during testing by putting steel layers with dimension of 8"×8" each. The mass of the whole 
building including all nuts, washers and bolts was 78.63 kg without additional mass and was 
228.06 kg with full additional mass.  The setup was secured on the slip table of the shaking 
system using adhesives and bolts. Tests were performed in off and on states with the shake table 
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applying a horizontal sinusoidal vibration with a constant 0.05 g amplitude vibration applied to 
the base floor.  A DAQ received the input signal from the absorber and produced output to 
process and generate the final transmissibility curves.  Shaker controller software was used to 
control the shaker and obtain results.  To better understand the test setup instrumentation, the 
schematic of the vibration experiments is illustrated in Figure E.1.  As shown, all 
transmissibility signals were received in DAQ system and stored in computer.  Three 
accelerometers were calibrated and attached to the scaled building floors to obtain the 
transmissibility of each floor.  Additional mass in form of 0.25"×12"×12" blocks were added to 
the scaled building floors to observe the effect of additional mass on performance of the 
VSDAs. 
 




Data Acquisition and controller System 
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Stiffness of each absorber which was obtained from characterization tests, was used to 
achieve the target period of around 0.1 seconds for the isolated scaled building.  Then the 
SolidWorks FE analyses were conducted to find the period of the scaled building to verify the 
design procedure and results.  Figure E.2 demonstrates the first mode of vibration for the scaled 
building without additional mass and Figure E.3 presents the same results for the scaled building 
with additional mass. 
 





Figure E.3. The numerical model of the isolated scaled building with additional mass. 
 Table E.2 depicts the results of the period of the scaled building for the first natural 
frequency.  The results of the numerical and analytical calculations are closer because both 
consider the perfect joints and fixed connections vs. the experimental results. Different parts 
and multiple connections make the real test setup softer and as a result, higher period was 
achieved.  Moreover, the VSDA devises were made of different parts which are glued together 
that make the final device softer upon application of larger forces i.e. when they support the 
scaled building. 
 Comparison Between First Natural Periods of the Isolated Scaled Building 
Using Different Methods. 








With Mass 0.098 0.085 0.110 
Without Mass 0.054 0.064 0.084 
 
Figure E.4, Figure E.5 and Figure E.6 demonstrate typical transmissibility functions of 
the scaled building floors without additional mass in response to the base motion with 0.05 g 
peak acceleration in sinusoidal excitations. As shown, increasing the input electric makes 
VSDAs dynamically stiffer and shifts the resonant (or peak) frequencies to the right for all 
floors.  An interesting finding is the different behavior of each floor in response to ground 
acceleration.  Three natural frequencies occurred in the range of 5 Hz to 100 Hz while the 











































Figure E.4.  Transmissibility of 0.05 g sinusoidal constant amplitude acceleration input 
for 0 and 1 Amps input electric currents for the 1st floor of the scaled building without 
additional mass. 
 
Figure E.5.   Transmissibility of 0.05 g sinusoidal constant amplitude acceleration input 












































Figure E.6.  Transmissibility of 0.05 g sinusoidal constant amplitude acceleration input 
for 0 and 1 Amps input electric currents for the 3rd floor of the scaled building without 
additional mass. 
To further investigate the effect of utilizing of VSDAs under the scaled building, 
additional equal mass was introduced to each floor of the scaled building.  Figure E.7, Figure 
E.8 and Figure E.9 present typical transmissibility of the scaled building floors with additional 
mass and sinusoidal input excitations with 0.05 g peak acceleration.  As expected, additional 
mass results in the lower natural frequency of the scaled building.  Effect of the VSDAs on the 
scaled building was decreasing maximum transmissibility of all floors due to activation for first 
and last natural frequency.  However, it increases the maximum transmissibility of the second 












































the scaled building and the maximum transmissibility of all floors decreased for the first and 
third natural frequency but increased for the second natural frequency. 
 
Figure E.7.  Transmissibility of 0.05 g sinusoidal constant amplitude acceleration input 
for different input electric currents of 0 and 1 Amps for the 1st floor of the scaled 













































Figure E.8.  Transmissibility of 0.05 g sinusoidal constant amplitude acceleration input 
for different input electric currents of 0 and 1 Amps for the 2nd floor of the scaled 
building with 16.6 Kg additional mass on each floor. 
 
Figure E.9.  Transmissibility of 0.05 g sinusoidal constant amplitude acceleration input 
for different input electric currents of 0 and 1 Amps for the 3rd floor of the scaled 
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